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(54) REFLECTION LIQUID CRYSTAL DISPLAY AND REFLECTION LIQUID CRYSTAL DISPLAY 
PROVIDED WITH BUILT-IN TOUCH PANEL AND COMPRISING THE SAME 



(57) The present invention offers reflective color liq- 
uid crystal display devices with a high contrast ratio and 
eye-friendly multi-color display capability, and liquid 
crystal display devices incorporating a touch panel 
arranged therefrom, of which the display is not 
adversely affected by the installation of a pressure sen- 
sitive input device. In a reflective liquid crystal display 
device arranged from a light reflexible substrate (5) and 
a substrate (4); a liquid crystal layer (1 ) in which nematic 
liquid crystal having a positive dielectric anisotropy is 
sandwiched between the substrates (4) and (5); a first 
optical retardation compensator plate (8); a second opti- 
cal retardation compensator plate (9); and a polarizer 
plate (10), (j) the retardation of the optical retardation 
compensator plates (8 and 9) in the substrate normal 
direction, @ the angle formed by the slow axes of the 
optical retardation compensator plates (8 and 9) and 
either the transmission axis or the absorption axis of the 
polarizer plate (10), © the twist angle of the liquid crys- 
tal layer (1), @ the product of the birefringence differ- 
ence of the liquid crystal in the liquid crystal layer (1) 
and the thickness of the liquid crystal layer, and © the 
angle formed by the alignment direction of the liquid 
crystal molecules in a close proximity of the substrate 
(4) and either the transmission axis or the absorption 
axis of the polarizer plate are optimized. 
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Description 

TECHNICAL FIELD 

5 [0001] The present invention relates to reflective liquid crystal display devices for direct view application used in word- 
processors, laptop personal computers, and other office machinery, as well as in a variety of visual and game 
machines, without a need for a backlight, and also relates to such reflective liquid crystal display devices incorporating 
a touch panel arranged therefrom. 

w BACKGROUND ART 

[0002] Liquid crystal display devices, being characterized by their thinness and light weight, have successfully found 
commercial applications as color display devices. Among these color liquid crystal display devices, transmissive liquid 
crystal display devices provided with a light source for illumination from behind are in particularly widespread use, and 
15 are adopted for an increasingly wider variety of applications because of the above-mentioned features. 

[0003] In contrast to the transmission liquid crystal display device, the reflective liquid crystal display device does not 
require a backlight for display, and therefore can reduce the power consumption of the light source. The exclusion of the 
backlight further characterizes the reflective liquid crystal display device by allowing it to be more compact and light- 
weight 

20 [0004] In other words, in comparison to conventional transmissive liquid crystal display, the reflective liquid crystal dis- 
play device can lower the power consumption, and be suitably used in equipment which needs to be lightweight and 
thin. For example, if the equipment with the reflective liquid crystal display device is designed while retaining conven- 
tional operation time, the reflective liquid crystal display device can not only cut down on the backlight space and weight, 
but consumes less power, and becomes capable of running on a smaller battery, making it possible to further reduce 

25 the size and weight. If the equipment with the reflective liquid crystal display device is manufactured while retaining con- 
ventional size or weight, use of a larger battery is expected to increase operation time dramatically. 
[0005] In addition, as to display contrast properties, the light emitting display device, such as the CRT, degrades 
greatly in contrast ratio when used outdoors during the daytime. Even the transmissive liquid crystal display device sub- 
jected to a low reflection treatment inevitably suffers similarly from greatly decreased contrast ratios when used in ambi- 

30 ent light, such as direct sunlight, that is excessively strong compared to display light. 

[0006] In contrast, with the reflective liquid crystal display device, the display light obtained is proportional to the 
amount of ambient light, which is an especially suitable feature for application in a personal digital tool, a digital still 
camera, a portable camcorder, and other devices that are often used outdoors. 

[0007] When considering these potential application fields, the reflective color liquid crystal display device appears 
35 very promising; however, a relatively low contrast ratio and reflectance, as well as insufficient performances in multi- 
color, high precision, and moving picture display, have so far been obstacles in realizing commercially viable reflective 
color liquid crystal display device. 

[0008] The following description will explain the reflective liquid crystal display device in further detail. The conven- 
tional twisted nematic (TN) type liquid crystal element includes two linear polarizer plates (hereinafter, will be simply 

AO referred to as polarizer plates), and therefore boasts an excellent contrast ratio and viewing angle dependency prop- 
erty; however, the reflectance is inevitably low. In addition, since the liquid crystal modulation layer is separated from 
the light reflective layer by a distance equivalent to the thickness of a substrate, etc., there occurs parallax due to a dis- 
parity between incoming and outgoing optical paths of illumination light. Therefore, especially in a typical arrangement 
used for transmissive liquid crystal display devices where a single liquid crystal modulation layer is combined with a 

45 color filter that includes a separate subpixel for each color element, provided that light does not travel parallel to the nor- 
mal to the substrate, ambient light enters and exits after reflection through different color subpixels. This causes moire 
and other undesirable phenomena, rendering the transmissive liquid crystal display device unsuited for high resolution, 
high precision, color display use. 

[0009] For these reasons, no reflective color display device using this display mode has so far been commercialized. 
so [0010] Meanwhile, Guest- Host type liquid crystal elements (hereinafter, will be abbreviated as GH) have been devel- 
oped that uses no or only one polarizer plate and includes liquid crystalline material doped with dyestuff. However, the 
GH type liquid crystal element is not highly reliable due to the addition of the dye, and the low dichroic ratio of the dye 
cannot produce a high contrast ratio. 

[0011] Among these problems, the insufficient contrast level in particular causes serious degradation in color purity 
55 and creates a need to incorporate a color filter of high color purity in a color display device using a color filter. This 
entails a problem of reduced brightness caused by the color filter of high color purity, and cancels to some degree the 
advantage of this mode that high brightness is achieved by use of no polarizer plates. 

[0012] On these backgrounds, research and development is under way to successfully manufacture a liquid crystal 
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display element In a mode In which a single polarizer plate is used (hereinafter, will be referred to as a single polarizer 
plate mode), which is highly promising to realize a high resolution and high contrast display. 

[0013] Japanese Laid-Open Patent Application No. 55-48733/1980 (Tokukaisho 55-48733) discloses such an exam- 
ple of a liquid crystal display element of a reflective TN mode (45°-twisted type) using a single polarizer plate and a 
5 quarter-wave plate. 

[0014] With this liquid crystal display device, black and white display is performed, using a 45°-twisted liquid crystal 
layer and controlling the electric field applied thereacross, by realizing two states, in one of which the plane of polariza- 
tion of incoming linearly polarized incident light is parallel to the optical axis of the quarter-wave plate and in the other 
of which the plane of polarization forms 45° with the optical axis of the quarter wave plate. The liquid crystal cell is struc- 
w tured to include a polarizer, a 45°-twisted liquid crystal cell, a quarter-wave plate, and a reflector plate, when viewed 
from the side at which light enters. 

[0015] Further, USP4,701,028 (Clerc et al.) discloses a liquid crystal display device of a reflective-type, homeotropic 
alignment mode wherein a combination of a single polarizer plate, a quarter-wave plate, and a perpendicularly aligned 
liquid crystal cell is used. 

is [0016] Meanwhile, the inventors of the present application filed an application for a reflective-type, parallel alignment 
mode wherein a combination of a single polarizer plate, a homogeneous alignment liquid crystal cell, and an optical 
retardation compensation plate is used (see Japanese Laid-Open Patent Application No. 6-167708/1994 (Tokukaihei 6- 
167708)). 

[0017] This reflective liquid crystal display device includes a liquid crystal cell constituted by a homogeneously- 
20 aligned liquid crystal layer, a reflector plate (disposed inside the liquid crystal cell beneath the liquid crystal layer), a 
polarizer plate (disposed on the liquid crystal cell), and a single optical retardation compensator plate (placed between 
the liquid crystal cell and the polarizer plate). Further, according to this display mode, throughout the total length of the 
optical path, i.e., the incoming optical path and the outgoing optical path, light passes through the polarizer plate only 
twice and through the transparent electrode where light is inevitably absorbed on a glass substrate (top substrate) of 
25 the liquid crystal cell also only twice. Therefore, a high reflectance can be obtained by means of a reflective liquid crystal 
display device of this structure. 

[0018] Further, Japanese Laid-Open Patent Application No. 2-236523/1990 (Tokukaihei 2-236523) discloses an 
arrangement in which a twisted nematic liquid crystal layer is interposed between a reflector plate (disposed inside a 
liquid crystal cell) and a single polarizer plate. 

30 [001 9] Further, Fourth Asian Symposium on Information Display (Chung-Kuang Wei et aL, Proceedings of The Fourth 
Asian Symposium on Information Display, 1997, page 25; hereinafter will be abbreviated as ASID 97) discloses an 
arrangement wherein 90°-twisted nematic liquid crystal is interposed between a reflector plate disposed inside the cell 
and a combination of a quarter-wave plate and a polarizer plate which realizes a broad band display. 
[0020] In addition, Japanese Laid-Open Patent Application No. 4-1 16515/1992 (Tokukaihei 4-1 1651 5) discloses a liq- 

35 uid crystal display device wherein incident circularly polarized light is used for display. In addition, as a method of obtain- 
ing circularly polarized light in a broad band of spectrum, Pancharatnam teaches the use of a plurality of optical 
retardation compensator plates in Proc. Ind. Acad. Sci. Vol. XLI, No.4, Sec.A, page 130, 1955. 
[0021] The description below will explain display principles of a single polarizer plate mode employed in ASID 97 and 
in the Japanese Laid-Open Patent Applications No. 6-167708/1994, No. 2-236523/1990, and 4-116515/1992. 

40 [0022] The polarizer plate disposed on the side where light enters serves to pass only one of the linearly polarized 
light components of the incoming and outgoing polarized light and absorb the other linearly polarized light component. 
The polarization state of the incoming light that has passed through the polarizer plate is then changed by an optical 
retardation compensator plate, such as a quarter-wave plate (in the cases of Japanese Laid-Open Patent Application 
No. 6-167708/1994 and ASID 97), or remains unchanged (in the case of Japanese Laid-Open Patent Application No. 

45 2-236523/1 990), and the light enters the liquid crystal layer. The polarization state is changed further as the light passes 
through the liquid crystal layer, before the light reaches a reflector plate. 

[0023] Further, the light that has reached the reflector plate changes its polarization state in the reverse sequence to 
that of the incoming light: the light passes through the liquid crystal layer, the quarter-wave plate, etc. Consequently, the 
ratio of the linearly polarized light component in a transmission direction of the polarizer plate to the light obtained here 
so will decide the total reflectance of the liquid crystal layer. In other words, the liquid crystal display element appears 
brightest when the outgoing light, immediately before passing through the polarizer plate, is linearly polarized in the 
transmission direction of the polarizer plate, and darkest when linearly polarized in the absorptive direction of the polar- 
izer plate. 

[0024] It is known that the necessary and sufficient condition for the light which enters and leaves the liquid crystal 
55 display device perpendicularly to the device to realize such a bright state is that the light be linearly polarized in an arbi- 
trary direction on the reflector plate, and that for it to realize such a dark state is that the light be circularly polarized 
either right handed or left handed on the reflector plate. 

[0025] Meanwhile, a touch panel, as well as a conventional keyboard, is a very useful input means incorporated in a 
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personal digital tool. This is especially true in Inputting such languages including Japanese that keyboard inputs need 
to be converted; with increasing information processing capability and newly developed software, the touch panel, 
which used to serve simply as a pointing device, now more typically plays a greater role as an input device such as a 
pen-based handwriting input device. 

[0026] To realize this particular input method, the input device is disposed to overlap the front of the display device. 
However, since the reflective liquid crystal display device uses reflected light for display, the means to reduce reflection 
provided to the touch panel should not interrupt display image produced by the underlying reflective liquid crystal dis- 
play device. For example, Japanese Laid-Open Patent Application No. 5-127822/1993 (Tokukaihei 5-127822) discloses 
that a touch panel, a quarter-wave plate, and a polarizer plate are stacked together to reduce reflection. 
[0027] Among the aforementioned conventional techniques, the liquid crystal display device disclosed in Japanese 
Laid-Open Patent Application No. 55-48733/1980 is not suitable for a high resolution, high precision display, because 
despite the need to provide a quarter-wave plate between a liquid crystal layer and a reflector plate, it is difficult essen- 
tially to form a reflective film Inside the liquid crystal cell. 

[0028] In addition, the liquid crystal display device that operates in the homeotropic alignment mode disclosed in USP 
4,701,028 has following problems. The homeotropic alignment, especially the inclined homeotropic alignment, is 
extremely difficult to control, and the control requires such a complex arrangement that is not suitable for mass produc- 
tion. Another shortcoming of the homeotropic alignment is its slow response. 

[0029] In addition, coloring' occurs with the aforementioned reflective-type parallel alignment mode due to small une- 
venness of the liquid crystal cell and the optical retardation compensator plate. The conventional arrangements, as dis- 
cussed here, are likely to suffer from coloring In a dark state and failure to realize black and white display. 
[0030] In addition, the arrangements disclosed in Japanese Laid-Open Patent Application No. 2-236523/1990 and 
Japanese Laid-Open Patent Application No. 4-1 16515/1992, although being capable of increasing the reflection in a 
bright state in comparison to the arrangement using two polarizer plates, still fail to realize a good black display due to 
great wavelength dependency of transmittance in a dark state. 

[0031] In addition, ASID 97, although disclosing a display mode that enables a black and white display, does not dis- 
close anything about the arrangement of the quarter-wave plate which is, described in this literature, to be fabricated 
for a broad band of spectrum. 

[0032] In addition, according to a report made by Pancharatnam, three optical retardation compensator plates are 
required to obtain good circularly polarized light, which is not practical. In addition, detailed studies are yet to be made 
to combine this with liquid crystal display devices. 

[0033] In contrast, the touch -panel-incorporating reflective liquid crystal display device, although its performance as 
a reflective liquid crystal display device has reached to a stage where it can be commercialized, still suffers from 
extremely poor visibility when used in a combination with a touch panel. 

[0034] This is because, in the reflective display device, a single light source plays dual roles to cause reflection at the 
touch panel and to serve as a display light source for the display device, and decrease in visibility when used in a com- 
bination with a touch panel cannot be solved by removing the light that radiates from a light source (for example, a ceil- 
ing light) which cause reflection at the touch panel, or changing the direction of the light. This is a stark contrast to the 
transmissive liquid crystal display device and other light-emitting types of display devices with which this solution pro- 
duces good results. A conclusion drawn from here is that the solution to the poor visibility is a key to a successful com- 
mercialization of the display device, as well as to that of a practical, tow power consuming personal digital tool. 
[0035] In addition, the arrangement of the touch panel disclosed in Japanese Laid-Open Patent Application No. 5- 
127822/1993 is effective in preventing reflection by means of the function of the quarter-wave plate; however, a typical 
quarter-wave plate is effective in preventing reflection only with respect to a particular wavelength in the visible range, 
and unavoidably less effective with respect to wavelengths that are immediately higher or lower than those particular 
wavelengths. Further, the brightness of a display is determined by a component of the polarized light that has travelled 
through the underlying display device, the component being in a transmission direction of a circular polarizer that is 
obtained as a combination of such a quarter-wave plate with a polarizer plate. 

[0036] More specifically, when the underlying display device has substantially no polarization dependence (e.g., a 
white-Taylar type Guest-Host liquid crystal display device including dyestuffs added to its 360°-twisted liquid crystal), 
the reflection efficiency is, at maximum, half that of a display device having the same arrangement except that no touch 
panel is provided due to the transmittance of the polarizer plate placed on the front of the touch panel. Also, as another 
example, when the underlying display device utilizes linearly polarized light for a display (e.g., a TN or STN type liquid 
crystal display device including a polarizer plate further interposed in the space between the touch panel and the liquid 
crystal cell), the reflection efficiency is, at maximum, half that of a display device having the same arrangement except 
that no touch panel is provided. Further, in the last example, since the retardation caused by the quarter-wave plate 
depends on the wavelength of light, and the quarter-wave plate is sandwiched by polarizer plates, which causes tonal 
changes. In either case, brightness is insufficient, and is not suited for use in a combination with a reflective liquid crys- 
tal display device to which brightness improving means such as background light cannot be applied. 
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[0037] From what is laid above, it can be said that the touch panel described in Japanese Laid-Open Patent Applica- 
tion No. 5-127822 needs to be upgraded in its reflection preventing function. Additionally, the Laid-Open Patent Appli- 
cation does not disclose a suitable arrangement to utilize the daylight that has entered the touch panel for the reflective 
liquid crystal display device. 

5 

DISCLOSURE OF THE INVENTION 

[0038] The present invention has objects to solve the aforementioned problems in a reflective liquid crystal display 
device of a single polarizer plate mode which can realize a high resolution display, and thereby to offer a reflective liquid 
w crystal display device that boasts excellent visibility with a high contrast ratio and a capability to perform a color display, 
and to offer, through application of the reflective liquid crystal display device, a reflective liquid crystal display device 
incorporating a touch panel which maintains an enough level of display quality with a pressure sensitive input device 
being installed. 

[0039] To achieve the foregoing objects, a reflective liquid crystal display device in accordance with the invention as 
15 defined in this application includes: 

a liquid crystal layer sandwiched between a first substrate having a light reflexibility and a second substrate having 
a light transmissibility, the liquid crystal layer being composed of twist-aligned nematic liquid crystal having a posi- 
tive dielectric anisotropy; and 

20 circularly polarizing means, including a linear polarizer plate (hereinafter, will be simply referred to as polarizer 
plate), for selectively passing either right handed or left handed circularly polarized light out of natural light, 
wherein the first substrate, the liquid crystal layer, and the circularly polarizing means are stacked in this order to 
form at least a part of the reflective liquid crystal display device, 

the circularly polarizing means is disposed so that a major surface of the circularly polarizing means is on a liquid 
25 crystal layer side, the circularly polarized light exiting the circularly polarizing means through the major surface 
when natural light enters the circularly polarizing means, 

the liquid crystal in the liquid crystal layer has a birefringence difference, which, if multiplied by a thickness of the 
liquid crystal layer, produces a product of not less than 150nm and not more than 350nm, and 
the liquid crystal layer has a twist angle in a range of 45° to 100°. 

30 

[0040] The reflective liquid crystal display device is a result of research and efforts by the inventors of the present 
invention. The inventors of the present invention have diligently worked on various reflective liquid crystal display 
devices of a single polarizer plate mode which can be arranged to be free from parallax, realize a high resolution dis- 
play, and be electrically switch able between different polarization states on the reflector plate required to achieve a 
35 bright state and a dark state. As a result, the inventors of the present invention have found that by arranging a reflective 
liquid crystal display device so as to include circularly polarizing means and thereby produce a dark state in a state 
where a voltage is applied across the liquid crystal layer, a satisfactory dark state can be achieved without a need for 
high level precision in manufacturing processes of the liquid crystal layer. 

[0041] The inventors of the present invention have further found that by thus designing the liquid crystal layer adopted 
40 in a reflective liquid crystal display device including circularly polarizing means that produces such a polarization state 
and realizes a satisfactory bright state in a low voltage state, the manufacture of the reflective liquid crystal display 
device is facilitated compared to the aforementioned conventional technologies. 

[0042] In other words, according to the arrangement above, by adopting the circularly polarizing means and the liquid 
crystal layer and configuring the same as stipulated above, problems with conventional arrangements can be solved 

45 and a reflective liquid crystal display device with excellent display properties can be realized. 

[0043] In addition, in the reflective liquid crystal display device, preferably, the circularly polarizing means includes: a 
first optical retardation compensator plate having a retardation in a substrate normal direction set to not less than 
100nm and not more than 180nm; a second optical retardation compensator plate having a retardation in a substrate 
normal direction set to not less than 200nm and not more than 360nm; and a linear polarizer plate, the first optical retar- 

50 dation compensator plate, the second optical retardation compensator plate, and the linear polarizer plate being 
stacked in this order when viewed from the liquid crystal layer, and |2x62 - 81 1 has a value not less than 35° and not 
more than 55°, where 91 represents an angle formed by a slow axis of the first optical retardation compensator plate 
and either a transmission axis or an absorption axis of the linear polarizer plate, and 62 represents an angle formed by 
a slow axis of the second optical retardation compensator plate and either the transmission axis or the absorption axis 

55 of the linear polarizer plate. 

[0044] The inventors of the present invention have found that the preferred arrangement, when incorporated into the 
polarizer plate and the optical retardation compensator plate, enables the aforementioned polarization state to be 
obtained by means of the circularly polarizing means. With thus arranged circularly polarizing means, the light practi- 
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cally in the visible wavelength range of spectrum can be circularly polarized. Note that the transmission and absorption 
axes of the polarizer plate are mutually perpendicular. 

[0045] In addition, in the reflective liquid crystal display device, preferably, the twist angle of the liquid crystal layer is 
in a range from 60° to 100°, the product of the birefringence difference of the liquid crystal in the liquid crystal layer and 
5 the thickness of the liquid crystal layer is not less than 250nm and not more than 330nm, and either the transmission 
axis or the absorption axis of the polarizer plate forms an angle, 63, of not less than 20° and not more than 70°, or not 
less than 110° and not more than 150° with an alignment direction of the liquid crystal molecules in a close proximity of 
the second substrate. 

[0046] According to this arrangement, since the product of the birefringence difference of the liquid crystal in the liquid 
w crystal layer and the thickness of the liquid crystal layer is great, more choices are available as materials for the liquid 
crystal and the thickness of the liquid crystal layer can be easily controlled, facilitating the manufacture of the device. 
Additionally, by setting 63 as above, a high quality reflective liquid crystal display device with suppressed contrast, color- 
ing in a white display, and coloring in a black display can be obtained. 

[0047] In addition, in the reflective liquid crystal display device, preferably, the first substrate having a light reflexibility. 
is includes a light reflective film, and the light reflective film has smooth and continuously changing concavities and con- 
vexities, and is made of a conductive material. 

[0048] According to the arrangement, a diffuse reflector plate can be obtained that causes no unnecessary scattering 
and has no agitating function (light depolarizing function) to polarized light like a flat specular surface so as not to inter- 
fere with the reflectance modulation method whereby the reflective liquid crystal display device carries out a high reso- 

20 lution display. The obtained reflection property is effective by far, in comparison to a device including a non-diffusive, 
specular reflector plate and a scattering plate that is installed in front of a display device. In addition, since the light 
reflective film is made of a conductive material, the light reflective film doubles also as an electrode to apply voltage 
across the liquid crystal layer in collaboration with the transparent electrode of the second substrate. 
[0049] Further, preferably, the concavities and convexities of the light reflective film have a direction dependent prop- 

25 erty that varies according to a direction on a substrate plane. 

[0050] The preferred arrangement is a result of our finding that the mean cycle of the concavities and convexities pro- 
vided on the light reflective film characterize the diffusive reflection property, and more specifically, enables the reflect- 
ance of illumination light that travels from a particular direction and is reflected in a particular direction to be increased, 
by uniformly setting the mean convex and concave cycle in any given direction on a plane of the reflector plate so that 

30 incident light is uniformly diffused, and modifying the cycle for a particular direction on the plane. The arrangement is 
especially effective when incorporated in a reflective liquid crystal display device in accordance with the invention as 
defined in this application which realizes a satisfactory dark state in comparison to Guest-Host mode, enabling even a 
brighter reflective liquid crystal display device to be obtained. 

[0051] In addition, in the reflective liquid crystal display device, preferably, a single third optical retardation compen- 
35 sator plate or a plurality of the same is(are) provided between the circularly polarizing means and the liquid crystal layer 
to cancel a residual phase difference of the liquid crystal layer. 

[0052] The preferred arrangement is made to eliminate residual phase difference, i.e., a light polarization modification 
function, that slightly remains in accordance with the component of the alignment of the liquid crystal that is parallel to 
the substrate, when the voltage applied across the liquid crystal layer has limitations and a maximum voltage is applied 
ao across the liquid crystal layer only to achieve a dark display. By canceling the residual phase difference by means of the 
third optical retardation compensator plate, a satisfactory black display is achieved at a practically maximum voltage. In 
addition, the same effects can be achieved by modifying the retardation of the second optical retardation compensator 
plate. 

[0053] In addition, in the reflective liquid crystal display device, preferably, either the third optical retardation compen- 
45 sator plate or at least one of the third optical retardation compensator plates provided between the circularly polarizing 
means and the liquid crystal layer has an inclined optical axis, or a three-dimensionally aligned optical axis having 
therein a continuously varying Inclined direction. 

[0054] In a method to achieve a satisfactory dark display at a maximum value of an actual driving voltage and hence 
obtain a satisfactory display, cancelling the residual birefringence of the liquid crystal in a state where a substantial volt- 
so age is applied across the liquid crystal layer is effective, and to do this, it is possible to expand the viewing angle by 
expanding a viewing angle range in such a manner to satisfactorily cancel the residual birefringence of the liquid crystal 
layer. 

[0055] To achieve this, in this arrangement, either the third optical retardation compensator plate or at least one of the 
third optical retardation compensator plates is designed with the three-dimensional configuration of the alignment of the 
55 liquid crystal taken into consideration. This enables a reflective liquid crystal display device having more satisfactory 
display properties to be obtained. 

[0056] In addition, in the reflective liquid crystal display device, preferably, the first and second optical retardation com- 
pensator plates have such ratios of a refractive index anisotropy, An (450), with respect to light having a wavelength of 
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450nm, a refractive index anisotropy, An(650), with respect to light having a wavelength of 650nm, and a refractive index 
anisotropy, An (550), with respect to light having a wavelength of 550 nm that satisfy 

1 < An(450)/An(550) < 1.06 and 

5 

0.95 £ An(650)/An(550) £ 1 respectively (the first arrangement), and more preferably, 

1 < An(450)/An(550) < 1.007 and 

io 0.987 < An (650)/ An (550) < 1 respectively (the second arrangement). 

[0057] According to the first arrangement, a highly practicable contrast ratio of 1 0:1 or larger can be achieved although 
there occur slight coloring in a bright state required of the reflective liquid crystal display device and reduction in con- 
trast due to improvement of the reflectance in a dark state. Further, according to the second arrangement, a contrast 
15 ratio of 15:1 or larger can be achieved while successfully reducing coloring further in comparison to the first arrange- 
ment. 

[0058] In addition, in the reflective liquid crystal display device, preferably, the twist angle of the liquid crystal layer is 
in a range of not less than 65° and not more than 90°, the product of the birefringence difference of the liquid crystal in 
the liquid crystal layer and the thickness of the liquid crystal layer is not less than 250nm and not more than 300nm, and 
20 either the transmission axis or the absorption axis of the polarizer plate forms an angle, G3, of not less than 110° and 
not more than 150° with an alignment direction of the liquid crystal molecules in a cbse proximity of the second sub- 
strate (in contact with the second substrate). 

[0059] According to the arrangement, the voltage to drive the liquid crystal layer can be further reduced, and a satis- 
factory white display can be achieved as well. 

25 [0060] In addition, in the reflective liquid crystal display device, preferably, either the transmission axis or the absorp- 
tion axis of the polarizer plate forms an angle, 63, of not less than 1 10° and not more than 150° with an alignment direc- 
tion of the liquid crystal molecules in a close proximity of the second substrate, and a viewing direction is set to a 
direction on a plane that is defined by a normal to a display surface and a direction 90° off the alignment direction of the 
liquid crystal molecules in a close proximity of the second substrate. 

30 [0061] Similarly, in the reflective liquid crystal display device, preferably, either the transmission axis or the absorption 
axis of the polarizer plate forms an angle, ©3, of not less than 20° and not more than 70° with an alignment direction of 
the liquid crystal molecules in a close proximity of the second substrate, and a viewing direction is set to a direction on 
a plane that is defined by a normal to a display surface and the alignment direction of the liquid crystal molecules in a 
close proximity of the second substrate. 

35 [0062] According to the arrangement, by thus setting the viewing direction, a satisfactory visibility can be ensured. To 
put it differently, a satisfactory visibility can be obtained by setting 63 according to the viewing direction of the viewer. In 
addition, a satisfactory visibility can be obtained also by disposing, for example, a member for setting the viewing direc- 
tion of the viewer on the display surface. 

[0063] In addition, in the reflective liquid crystal display device, preferably, either the transmission axis or the absorp- 
40 tion axis of the polarizer plate forms an angle, 63, of not less than 1 10° and not more than 150° with an alignment direc- 
tion of the liquid crystal molecules in a close proximity of the second substrate, a viewing direction is set to a direction 
on a plane that is defined by a normal to a display surface and a direction 90° off the alignment direction of the liquid 
crystal molecules in a close proximity of the second substrate, and the viewing direction is set to be on a plane that is 
defined by the normal to the display surface and a direction on a substrate plane in which the concavities and convex - 
45 ities of the light reflective film have a shorter mean cycle than in other directions. 

[0064] Similarly, in the reflective liquid crystal display device, preferably, either the transmission axis or the absorption 
axis of the polarizer plate forms an angle, 63, of not less than 20° and not more than 70° with an alignment direction of 
the liquid crystal molecules in a close proximity of the second substrate, a viewing direction is set to a direction on a 
plane that is defined by a normal to a display surface and the alignment direction of the liquid crystal molecules in a 
so close proximity of the second substrate, and the viewing direction is set to be on a plane that is defined by the normal 
to the display surface and a direction on a substrate plane in which the concavities and convexities of the light reflective 
film have a shorter mean cycle than in other directions. 

[0065] According to the arrangement, a particularly excellent visibility can be obtained by further setting the direction 
in which the light reflective film, that is a diffuse reflector plate, is bright to the satisfactory direction described above. 
55 Note that the direction in which the diffuse reflector plate is bright, although being variable typically depending on the 
illumination direction and the direction of the viewer, can be accommodated satisfactorily under a variety of illumination 
conditions. 

[0066] In addition, in the reflective liquid crystal display device, preferably, either the transmission axis or the absorp- 
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tion axis of the polarizer plate forms an angle, G3, of not less than 40° and not more than 60° with an alignment direction 
of the liquid crystal molecules in a close proximity of the second substrate, and the liquid crystal molecules in a close 
proximity of the second substrate form an angle 04 with a direction on a plane that is defined by a viewing direction and 
a normal to a display surface, the angle 04 being set to not less than 0° and not more than 30°, or not less than 180° 
5 and not more than 21 0°. 

[0067] According to the arrangement, by thus setting the viewing direction, a satisfactory visibility can be ensured. To 
put it differently, a satisfactory visibility can be obtained by setting 03 and 04 according to the viewing direction of the 
viewer. In addition, a satisfactory visibility can be obtained also by disposing, for example, a member for setting the 
viewing direction of the viewer on the display surface. 

w [0068] In addition, a reflective liquid crystal display device incorporating a touch panel in accordance with the inven- 
tion as defined in this application is a reflective liquid crystal display device incorporating a touch panel that comprises 
the reflective liquid crystal display device in accordance with the invention wherein a planar pressure sensitive element 
for detecting an external pressure is sandwiched with a layer-shaped empty space between the circularly polarizing 
means and the second substrate. 

15 [0069] In the reflective liquid crystal display device in accordance with the invention as defined in this application, 
since the light is substantially circularly polarized after passing the circularly polarizing means, or the polarizer plate and 
the two optical retardation compensator plates, even if the light is reflected at the reflector plate in such a manner to 
contain no disturbance in the polarization state, the reflected light is absorbed by the polarizer plate before exiting the 
device. Therefore, reflected light does not degrade visibility with a pressure sensitive-type input device (touch panel) 

20 that is useful as an input device for a portable device. 

[0070] Additional objects, advantages and novel features of the invention will be set forth in part in the description 
which follows, and in part will become apparent to those skilled in the art upon examination of the following taken in con- 
junction with the accompanying drawing or may be learned by practice of the invention. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

[0071] 

Figure 1 is a cross-sectional view schematically showing a structure of a major part of a reflective liquid crystal dts- 
30 play device of an embodiment in accordance with the present invention. 

Figure 2 is a drawing showing a directional configuration of a polarizer plate and two optical retardation compensa- 
tor plates of an embodiment. 

Figure 3 is a graph showing a contour drawn by plotting values obtained from calculation of an evaluation function 
with respect to 550nm monochromatic light, the evaluation function being used for predicting the reflectance of a 
35 reflective liquid crystal display device of Example 1 . 

Rgure 4 is a graph showing a contour drawn by plotting values obtained from calculation of an evaluation function 
taking a visual sensitivity into consideration, the evaluation function being used for predicting the reflectance of a 
reflective liquid crystal display device of Example 1 . 

Rgure 5 is a graph showing a contour drawn by plotting values obtained from calculation of an evaluation function 
40 and values of an x -coordinate of CIE1 931 standard colorimetric system obtained from calculation of a standard 
light source spectrum, the evaluation function being used for predicting the reflectance of a reflective liquid crystal 
display device of Example 1 . 

Rgure 6 is a graph showing a contour drawn by plotting values obtained from calculation of an evaluation function 
and values of a y-coordinate of CIE1931 standard calorimetric system obtained from calculation of a D^ standard 
45 tight source spectrum, the evaluation function being used for predicting the reflectance of a reflective liquid crystal 
display device of Example 1 . 

Rgure 7 is a drawing showing a region where both good white balance and brightness can be obtained from Figure 
4, Figure 5, and Figure 6. 

Figure 8 is a drawing showing a directional configuration of a polarizer plate and two optical retardation compensa- 
so tor plates of a reflective liquid crystal display device of Example 3. 

Figure 9 is a drawing showing, in terms of measurements, a voltage dependency of reflectance of the reflective liq- 
uid crystal display device of Example 3. 

Rgure 10 is a conception drawing showing a configuration of an optical measuring system with which the voltage 
dependency of reflectance is measured on the reflective liquid crystal display device of Example 3. 
55 Rgure 1 1 is a drawing showing a directional configuration of a polarizer plate and two optical retardation compen- 
sator plates of a reflective liquid crystal display device of Example 4. 

Figure 12(a) and Figure 12(b), referring to Samples #5a and #5b, respectively, of a reflective liquid crystal display 
device of Example 5, are drawings showing a directional configuration of a polarizer plate, two optical retardation 
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compensator plates, and the alignment of liquid crystal in a liquid crystal layer. 

Figure 13 is a drawing showing, in terms of measurements, a voltage dependency of reflectance of a reflective liq- 
uid crystal display device of Example 5. 

Figure 14 is a drawing showing a directional configuration of the alignment of liquid crystal in a close proximity of 
an upper substrate of Example 7 and a plane that is parallel to a viewing direction. 

Figure 15 is a table showing a dispersion dependency of optical properties of an optical retardation compensator 
plate of Example 1. 

Figure 16 is a cross-sectional view schematically showing a structure of a major part of a reflective liquid crystal 
display device of Example 8. 

Figure 17 is a drawing showing a directional configuration of a polarizer plate, two optical retardation compensator 
plates, and the alignment of liquid crystal in a liquid crystal layer of the reflective liquid crystal display device of 
Example 8. 

Figure 1 8 is an enlarged plan view partially showing concavities and convexities on a light reflector plate employed 
in a reflective liquid crystal display device of Example 9. 

Figure 19 is a conception drawing showing a direction in which the reflection property is measured on a reflective 
electrode (a light reflector plate) of Example 9 using an optical measuring system. 

Figure 20 is a drawing showing measurements of the reflection property on the reflective electrode (the light reflec- 
tor plate) of Example 9 using the measuring system shown in Figure 19. 

Figure 21 (a) through Figure 21 (d), referring to Samples #9a, #9b, and #9c t respectively, of the reflective liquid crys- 
tal display device of Example 9, are drawings showing a directional configuration of a polarizer plate, two optical 
retardation compensator plates, and the alignment of liquid crystal in a liquid crystal layer. 
Figure 22 is a cross-sectional view schematically showing a structure of a major part of a touch panel employed in 
a reflective liquid crystal display device incorporating a touch panel of Example 10. 

Figure 23 is a cross-sectional view schematically showing a structure of a major part of the reflective liquid crystal 
display device incorporating a touch panel of Example 10. 

Figure 24 is a cross-sectional view schematically showing a structure of a major part of the reflective liquid crystal 
display device incorporating a touch panel of a comparative example. 

Figure 25 is a cross-sectional view schematically showing a structure of a major part of the reflective liquid crystal 
display device of another embodiment in accordance with the present invention. 

Figure 26 is a drawing showing a directional configuration of a polarizer plate and two optical retardation compen- 
sator plates of another embodiment. 

Figure 27 is an explanatory drawing showing voltage inducing different states of the alignment of a liquid crystal 
layer of a reflective liquid crystal display device. 

Figure 28 is an explanatory drawing showing changes in the viewing angle characteristic with a relationship 
between the direction of illumination and that of the alignment of a liquid crystal layer of a reflective liquid crystal 
display device. 

Figure 29 is a drawing showing, in terms of measurements, a voltage dependency of reflectance of a reflective liq- 
uid crystal display device of Example 1 1 . 

Figure 30 is a cross-sectional view showing a structure of a major part of Sample #12a of Example 12. 
Figure 31 is a cross-sectional view showing a structure of a major part of Sample #12b of Example 12. 

BEST MODES FOR CARRYING OUT THE INVENTION 

[0072] Referring to examples and embodiments, the following description will discuss the present invention in far more 
detail and the present invention is by no means limited by the discussion. 

[FIRST EMBODIMENT OF THE INVENTION] 

[0073] Referring to drawings, the following description will discuss an embodiment in accordance with the present 
invention. 

[0074] Figure 1 is a cross-sectional view schematically showing a structure of a major part of a reflective liquid crystal 
display device of an example in accordance with the present invention. As can be seen from Figure 1 , the reflective liq- 
uid crystal display device includes a liquid crystal layer 1 that contains twisted nematic liquid crystal having a positive 
dielectric anisotropy, sandwiched between a substrate 4 on which an alignment-processed alignment layer 2 is formed 
and a substrate 5 on which a similarly alignment-processed alignment layer 3 is formed. Further, on the lower substrate 
5, there is disposed a light reflective film 7; preferably, the reflecting surface of the light reflective film 7 has such smooth 
concavities and convexities that preserve the polarization throughout the reflection of light. More preferably, the smooth 
concavities and convexities are such that the concavity and convexity cycle varies according to the azimuth direction on 
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the reflecting surface of the light reflective film 7. 

[0075] On the upper substrate 4, there is provided a transparent electrode 6. The light reflective film 7 on the lower 
substrate 5 is formed from a conductive material and doubles as an electrode. Voltage is applied across the liquid crys- 
tal layer 1 through the transparent electrode 6 and the light reflective film 7. As means for applying a voltage to the thus 
5 arranged electrode pair, an active switching element may be used; however, there are no limitations in particular. Note 
that if a member that does not serve as an electrode is employed as the light reflective film 7, an electrode should be 
provided to the side on which the substrate 5 is disposed. 

[0076] Further, on a display surface of the liquid crystal drive cell thus arranged from the substrates 4 and 5 and the 
liquid crystal layer 1 t the display surface being on the side where the substrate 4 is disposed, there is provided circularly 
'o polarizing means 100 for filtering natural light and selectively passing either right handed or left handed circularly polar- 
ized light. In the present example, the circularly polarizing means 100 is constituted by an optical retardation compen- 
sator plate 8, an optical retardation compensator plate 9, and a polarizer plate 10 stacked in this sequence on the 
display surface on the side where the substrate 4 is disposed side. 

[0077] The following description will discuss optical properties and functions of these optical elements, i.e., the optical 

is retardation compensator plate 8, the optical retardation compensator plate 9, and the polarizer plate 10. 

[0078] The reflective liquid crystal display device of the present embodiment allows illumination light, such as external 
light, to enter the liquid crystal layer 1 through the polarizer plate 10, and is viewed from the side of the polarizer plate 
10 through which the illumination light enters. The polarizer plate 10 selectively passes only a linearly polarized light 
component in a particular direction, and the optical retardation compensator plate 9 and the optical retardation compen- 

20 sator plate 8 change the polarization state of the incoming linearly polarized light component. 

[0079] Here, the incoming light, after having passed through the optical retardation compensator plate 8, is substan- 
tially circularly polarized under the conditions that the retardation is not smaller than 100nm and not greater than 180nm 
in the substrate normal direction of the optical retardation compensator plate 8 and not smaller than 200nm and not 
greater than 360nm in the substrate normal direction of the optical retardation compensator plate 9, and the value of 

25 |2x62 - G 1 1 is not smaller than 35° and not larger than 55°, where 01 is the angle formed by the slow axis of the optical 
retardation compensator plate 8 and either the transmission axis or the absorption axis of the polarizer plate 10 and 62 
is the angle formed by the slow axis of the second optical retardation compensator plate 9 and either the transmission 
axis or the absorption axis of the polarizer plate 10. In such an event, whether the light in circularly polarization is right 
handed or left handed depends on the configuration of these three optical elements (i.e., the optical retardation com- 

30 pensator plate 8, the optical retardation compensator plate 9, and the polarizer plate 10). 

[0080] To further illustrate this, a detailed description will be given below by reference to Figure 2 which shows a con- 
figuration example. It should be noted, however, that in this example the reflective liquid crystal display device is viewed 
from the direction in which light enters. Incident light, which enters the liquid crystal display device, passes through the 
polarizer plate 10, the optical retardation compensator plate 9, and the optical retardation compensator plate 8, and 

35 therefore becomes substantially right handed circularly polarization, if the three optical elements are configured as 
shown in Figure 2, or more specifically, if the three optical elements are configured so as to satisfy 61 =75° and 62=15°, 
where 1 1 represents the transmission axis of the polarizer plate 10, 13 represents the slow axis of the optical retarda- 
tion compensator plate 8, 12 represents the slow axis of the optical retardation compensator plate 9, 61 represents the 
angle formed by the transmission axis 11 of the polarizer plate 10 and the slow axis 13 of the optical retardation com- 

40 pensator plate 8, and 62 represents the angle formed by the transmission axis 1 1 of the polarizer plate 10 and the slow 
axis 12 of the optical retardation compensator plate 9. 

[0081] Further, the incident light, which enters the liquid crystal layer 1, changes its polarization state by means of a 
polarized light conversion function of a twisted birefringent medium (liquid crystal) in the liquid crystal layer 1 that aligns 
according to an applied voltage, and reaches the reflector plate. In such an event, the polarization state on the light 

45 reflective film 7 varies depending on the alignment of the liquid crystal molecules. 

[0082] First, the dark state will be explained. If the liquid crystal molecules, upon the application of voltage, align par- 
allel to the gradient direction of the applied voltage, and has no polarized light conversion function on the light travelling 
parallel to the normal to the device, the incoming circularly polarized light reaches the light reflective film 7 while allow- 
ing no changes in the polarization thereof, and a dark state is achieved. By establishing a dark state across the whole 

so visible range, a black display is achieved. 

[0083] The inventors of the present invention have found that to prepare a polarization state similar to this one virtually 
across the visible range, the following conditions need to be fulfilled. The optical retardation compensator plate 8 needs 
to have such a property to provide the light in the main visible range of 400nm to 700nm with a phase difference that is 
equivalent to a quarter wavelength, e.g., to provide the light having a wavelength of 550nm with a retardation of 1 0Onm 

55 to 1 80nm. Further, the optical retardation compensator plate 9 needs to have such a property to provide the light in the 
same main visible range with a phase difference that is equivalent to half the wavelength, e.g., to provide the light hav- 
ing a wavelength of 550nm with a retardation of 200nm to 360nm. 

[0084] Further, according to the configuration of the polarizer plate 1 0 and the optical retardation compensator plates 
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8 and 9 shown In Figure 2, since G1 =75° and 62=1 5° as mentioned earlier, |2x62 - G1 |=45° , and the following equation 
is satisfied: 

35° < |2xe2-01|<55° (1) 

[0085] Although obviously the values of 61 and 92 may be changed as long as this equation is satisfied, the specific 
values are preferably determined by a combination of dispersion of the birefringence of the two optical retardation com- 
pensator plates 8 and 9 used. In addition, the value of |2x02 - 81 1 may vary in a 20° range according to the angle set- 
ting stipulated in Equation (1), and the preferable value within this range further varies depending on the polarized light 
conversion function of the liquid crystal layer 1 in a case where a voltage is applied across the liquid crystal layer 1. In 
other words, the configuration is preferably specified so that light is circularly polarized on the light reflective film 7 while 
taking birefringence at the optical retardation compensator plates 8 and 9 and the liquid crystal layer 1 into considera- 
tion. In such an event, the polarized light conversion function of the liquid crystal layer 1 , when a voltage is substantially 
applied across the liquid crystal layer 1, does not critically depend on precision in the manufacture of the liquid crystal 
layer 1 , the liquid crystal layer 1 can be thereby easiiy fabricated and manufactured. 

[0086]' Next, the function of the bright state will be explained. A bright state can be achieved by altering the substan- 
tially circularly polarized incident light into a linearly polarized light on the light reflective lilm 7 with the optical retarda- 
tion compensator plates 8 and 9 that are configured so as to fullill aforementioned Equation (1); the vibration direction 
of an opto-electric field generated by the linearly polarized light in this case is arbitrary in the plane that contains the 
light reflective film 7. In other words, irrespective of whether the light having wavelengths in the visible area is linearly 
polarized in directions that vary depending on the wavelengths or linearly polarized light in the same direction irrespec- 
tive of the wavelengths, a similarly bright state can be achieved. 

[0087] This renders it important to realize a liquid crystal layer 1 having such an optical function that the incoming light 
to the liquid crystal layer 1, which is substantially circularly polarized to realize the aforementioned dark state, becomes 
polarized linearly in arbitrary directions in a visible wavelength range. 

[0088] Taking the electric drive which facilitates the fabrication and manufacture of the liquid crystal layer 1 into con- 
sideration, since the dark state is achieved in a voltage applied state, the bright state needs to be realized either in a 
non-voltage applied state or in a state where the alignment of the liquid crystal molecules changes with voltage, how- 
ever, in a greatly different manner from the changes in a dark state. 

[0089] The inventors of the present invention have diligently worked and successfully found a range across which to 
realize a practically sufficient function of a bright state, in other words, a range across which to ensure sufficient bright- 
ness in the visible range of spectrum and to enable development of liquid crystal composition that is suitable to liquid 
crystal display devices that can be readily manufactured with high yields. 

[0090] Specific conditions to achieve that is to set the twist angle of the twisted nematic liquid crystal in the liquid crys- 
tal layer 1 to not smaller than 45° and not greater than 100°, and to set the product, And, of the birefringence difference 
An of the liquid crystal in the liquid crystal layer 1 and the thickness d of the liquid crystal layer 1 to not smaller than 
150nm and not greater than 350nm. 

[0091] Here, more preferably, the twist angle is set to not smaller than 60° and not greater than 1 00°, and the product, 
And, of the birefringence difference An of the liquid crystal in the liquid crystal layer 1 and the thickness d of the liquid 
crystal layer 1 to not smaller than 250nm and not greater than 300nm. Even more preferably, the twist angle is set to 
not smaller than 65° and not greater than 90°, and the product, And, of the birefringence difference An of the liquid crys- 
tal in the liquid crystal layer 1 and the thickness d of the liquid crystal layer 1 to not smaller than 250nm and not greater 
than 300nm. Even under such a condition in fabrication of the liquid crystal display device that the thickness of the liquid 
crystal layer 1 is set to 4.5 jim for example, the even more preferable range conditions can be fulfilled with a practical 
liquid crystal material that includes a liquid crystal layer 1 of which An is approximately 0.0667, allowing a highly prac- 
tical liquid crystal display device to be manufactured. 

[0092] Specific examples will be discussed in the following in accordance with the present embodiment. 
[Example 1 ] 

[0093] First, as Example 1 , the description below will explain an evaluation of specifications of the liquid crystal layer 
by means of calculation, that are required to specifically design the liquid crystal layer with the optical functions thereof 
being taken into consideration. For optimum design of the liquid crystal layer, the evaluation function given by Equation 
(2) is used to evaluate specifications of the liquid crystal layer: 

Ms* (2) 

[0094] Here, s 3 is a Stokes parameter to specify a polarization state, more specifically, a Stokes parameter regarding 
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the polarization state of the light that has passed through the liquid crystal layer only once on the reflecting surface. 
Note that the Stokes parameter used here is normalized. 

[0095] When the intensity of light is normalized, the polarization state of the perfectly polarized light of which the polar- 
ization state can be described by a Stokes parameter having three components: and s 2 represent the respective lin- 
s early polarized light components of which the vibration surfaces differ from each other by 45°, while s 3 denotes the 
circularly polarized light component. s y , s 2 , s 3 are not less than -1 and not more than 1 : among them, s 3 equals ±1 for 
circularly polarized light, 0 for linearly polarized light, and a value between these two values for elliptically polarized 
light. 

[0096] In other words, the evaluation function f produces three values according to the polarization state on the reflect- 
10 ing surface: f=0 for circularly polarized light, 0<f<1 for elliptically polarized light, and f=1 for linearly polarized light, irre- 
spective of the handedness of polarized light as a result of the squaring of s 3 . 

[0097] It has been confirmed by an analysis conducted by the inventors of the present invention that supposing that 
light enters, any given birefringence medium sandwiched between a single polarizer plate and a reflecting surface that 
reflects as a specular surface from the polarizer plate side, the reflected light is completely absorbed by the polarizer 

15 plate through which the light has passed upon entering in the case of M) (circularly polarized light) on the reflector 
plate, and can pass through the polarizer plate without being absorbed in the case of M. When the evaluation function 
f produces a value between these two values, the reflected light is partially absorbed by the polarizer plate, and the rest 
of the reflected light passes through the polarizer plate, resulting in a display with an intermediate reflectance. 
[0098] Further, it has been found that the evaluation function f is directly proportional to the reflectance of such a 

20 reflective liquid crystal display device with a single polarizer plate that reflects incident light at the reflector plate, and 
that the reflectance of the single polarizer plate mode can be evaluated. Therefore, by using the evaluation function I it 
is possible to predict both whether or not satisfactory brightness can be obtained in the bright display and whether or 
not a satisfactory dark state can be obtained. 

[0099] As seen from the above, the evaluation function f can be used to predict display performance, and the inventors 

25 of the present invention have worked to find a liquid crystal display mode whereby the single polarizer plate mode is 
expected to show best performance. A specific scheme will be explained in the description below. 
[0100] First, a consideration is given to mass productivity in the fabrication of liquid crystal display devices. A special 
attention is paid to maintaining precision of the thickness of the liquid crystal layer, because the thickness determines 
optical properties of the liquid crystal display device and the maintenance of precision greatly affects productivity. 

30 [0101] As a method of maintaining the thickness of the liquid crystal layer, a method of providing spherical spacers 
fabricated to have a single diameter and disposed between the substrates sandwiching the liquid crystal layer would 
result in an excellent balance between precision and practical performance. However, even with this method being 
employed, requirement for high precision in mass production leads to a rise In mass production costs. As can be under- 
stood from this, it is important for industrial purposes to develop a method that does not require precision in the thick- 

35 ness of the liquid crystal layer. 

[0102] It is also important to consider characteristics of human visual sense with respect to display quality of the fab- 
ricated liquid crystal display device. It is known regarding human visual sense that the perceived brightness is not in 
direct proportion to the actual intensity of light that stimulates the retina of an eyeball, but rather shows a non-linear 
characteristic. More specifically, the same variations in the light intensity from a display device feels like a small variation 

40 in brightness (when the background presents a strong stimulation) or a great variation in brightness (when the back- 
ground presents a weak stimulation), depending on the strength of stimulation presented simultaneously to the retina. 
With the non-linear characteristic of visual sense being taken in consideration, it would be understood that the same 
level of irregularity in reflectance could degrade display quality further when that happens to a dark display than to a 
bright display. 

45 [0103] As can be understood from the above description, if there exist two states, one with a relatively large irregu- 
larity in reflectance and the other with a relatively small irregularity in reflectance, the state with a relatively small irreg- 
ularity in reflectance is preferably assigned to dark display, and the state with a relatively large irregularity in reflectance 
to bright display, so as to enable the fabrication of liquid crystal display elements of satisfactory display quality. 
[0104] Further, when the polarized light conversion function is lost by applying a substantial voltage across the liquid 

so crystal layer, irregularity in thickness of the liquid crystal layer is less likely to result in a great variation in the polarized 
light conversion function. 

[0105] Taking the above three items above, it could be understood that satisfactory display can be achieved by assign- 
ing, to dark display, an alignment state wherein a substantial voltage is applied. In other words, it is preferable to assign, 
to bright display, a state wherein no voltage is applied across the liquid crystal, and also to assign, to dark display, a 
55 state wherein a voltage is applied across the liquid crystal, that is, to adopt a so-called normally white operations. 

[0106] Next, on the basis of the evaluation function f, the description below will explain the specifications of optical 

retardation compensator plate and of the liquid crystal layer portion to realize these specifications. 

[0107] First, in a case where a substantial voltage is applied across the liquid crystal layer, the liquid crystal layer does 
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not have a polarized light conversion function. The optical retardation compensator plate Is required to have a property 
to change light so that tight has passed through the liquid crystal layer and reached the reflector plate to become circu- 
larly polarized light on the reflector plate. Here, the handedness of the circularly polarized light is either right handed or 
left handed. 

5 [0108] The aforementioned specifications regarding the optical retardation compensator plate enables this property 
to be obtained across a wide band of spectrum. In such an event, since the polarized light conversion function of the 
liquid crystal has been lost, the evaluation function { equals 0 and a satisfactory dark state occurs. 
[0109] In contrast, in a case where no voltage is applied across the liquid crystal layer, in order to examine conditions 
to obtain sufficient reflective brightness, it is necessary to evaluate the evaluation function f with the optical retardation 

10 compensator plate specified as above to produce circularly polarized light. The inventors of the present invention have 
obtained an evaluation function f for such an alignment that the liquid crystal layer is uniformly twisted, in a state where 
no voltage is applied across the liquid crystal layer As a result, it has been found, from analytic calculation of s 3 using 
Jones Matrix method, that when circularly polarized light enters the liquid crystal, the evaluation function f is given by 
Equation (3). 

15 

f»1-{1-2^(s/r>c^ + 4) 2 } 2 (3) 
a And 

20 

sincX = 

25 (J^: Twist angle between the upper and lower substrates 

[0110] Figure 3 shows, as a contour plot, values of the evaluation function f at a wavelength that produces the highest 
visual sensitivity (X=550nm) against And and the twist angle of the liquid crystal layer, which are design parameters 
thereof. Note that since the function [ is an even function, values of the function f are shown only for positive values of 
30 the twist angle however, needless to say, the actual twist direction of the alignment of the liquid crystal may be either 
right handed or left handed. 

[0111] Rgure 3 only shows values for a single wavelength (550nm). The same method of evaluation can be used for 
wavelengths in a visible range, i.e., from 380nm to 780nm. The application of the method to incident light having wave- 
lengths other than 550nm only requires changes in An and X among other variables of the evaluation function f. 
35 [0112] The consideration of effects on human vision that vary depending on the wavelength as detailed above and 
the calculation of an overlapping integral with the function f on assumptions of the visual sensitivity and a standard illu- 
mination light source enables more precise optimization. Specifically, it is useful to substitute the visual sensitivity curve 
(y BAR (X) of the color matching function of CIE1931) and the spectrum density S D65 (X) of a D 65 standard light source 
into aforementioned Equation (3), and to define It as Equation (4). 

40 

780 



is = /cJ ~y(X)S D65 (X)f{X)dX (4) 

380 
780 

k-1/J yWs 065 (\)crx 



so [0113] Here, f(X), being obtained from calculation of Equation (3), clearly shows that the function is dependent to the 
wavelength X. 

[01 14] Thus defined f vis calculated for And and the twist angie in the same manner as in Figure 3, and shown in Figure 
4. Here, the calculation is done taking the dispersion of An into consideration, and And on the axis of ordinates shows 
values for the light having a wavelength of 550nm. 
55 [0115] Further, since the evaluation function f given by Equation (2) shows values that are in direct proportion to the 
reflectance of a display, by changing the color matching function y BAR (X) of Equation (4) to x BAR {X) or z BAR (X) that are 
similarly specified in CIE1931, it becomes possible to calculate chromaticity. Hence, the chromaticity (x, y) at the D 65 
light source is calculated for the same parameters as in Figure 4. The resultant & and y_ values are shown in Figures 5 
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and 6 respectively. 

[0116] With all these taken into consideration, conditions are specified to produce a sufficient luminous reflectance 
(fvis is 0.7 or higher) and satisfactory hue in a white display (x is not less than 0.27 and not more than 0.35, and y is not 
less than 0.28 and not more than0.36), and a suitable And and range of twist color are obtained. Results are shown in 
5 Figure 7. 

[0117] In this manner, the ranges of parameters of a liquid crystal layer are obtained which are required to realize 
sufficient brightness and hue. However, the specifications of the liquid crystal layer further include a limitation as a result 
of specification of the thickness of the liquid crystal layer of the liquid crystal material. Therefore, not every part of the 
hatched range in Figure 7 would be suitable for practical purposes. In addition, satisfactory conditions can be found 

10 slightly out of the range too. A further description will be given regarding this. 

[0118] ft is known that an optical property, An, of the liquid crystal material and a temperature range in which the liquid 
crystal material functions properly has a certain correlation. Specifically, the liquid crystal material for actual use, typi- 
cally being adjusted to have necessary properties by blending with some compositions, will have a narrower tempera- 
ture range to obtain nematic phase when An decreases as a result of a change In the blend ratio. In such a case, it is 

15 difficult to dramatically narrow the operational and preservable temperature ranges of the liquid crystal display device. 
That is, in view of the temperature range to stably obtain a nematic phase, An of the liquid crystal material has a lower 
limit. For these reasons, An at room temperature, although depending on necessary temperature range, etc., is required 
to be approximately not less than 0.05, preferably not less than 0.065. 

[01 19] In addition, the thickness of the liquid crystal layer has limitations due to the rate of defective products that are 
20 caused during the fabrication process of the liquid crystal display device by undesirable dust and the like, and also due 
to level differences in fabricating elements for driving the liquid crystal, flatness of the substrate used, etc. Further, when 
the liquid crystal layer is adopted in a part of an arrangement in accordance with the invention as defined in this appli- 
cation, the concavities and convexities of a concave and convex diffuse reflector plate that is located near the liquid 
crystal layer adds to the limitations. 
25 [0120] For transmissive liquid crystal display devices, the thickness of the liquid crystal layer is set to approximately 
5 jim and manufacturing technology has been well established for such an arrangement To dramatically reduce the 
thickness of the liquid crystal layer further would be extremely difficult and not practical. Therefore, the liquid crystal 
layer should be fabricated so as to have a thickness of approximately not less than 3 \im, preferably not less than 4 urn. 
[0121] From those viewpoints laid out above, it is useful to set And, that is the product of the refractive index difference, 
30 An, of the liquid crystal and the thickness, d, of the liquid crystal layer, to not less than 1 50nm, preferably to not less than 
260 nm. 

[0122] Further, in actual liquid crystal of a liquid crystal display device which is in a driven state, a voltage that is more 
than a close proximity of the threshold value of the liquid crystal which shows threshold value characteristics is applied 
for driving the liquid crystal in many cases. In such an event, the liquid crystal, across which a voltage near the threshold 

35 value is applied, somewhat inclines in comparison to the state where no voltage is applied, and the refractive index dif- 
ference in the substrate normal direction in the somewhat inclining state appears in an actual display. 
[0123] As can be understood from this, An determined by the liquid crystal material may take a value approximately 
10% larger than effective An with respect to the inclined liquid crystal. Note that since it is possible to carry out a display 
at the threshold value or lower of the liquid crystal, appropriately this change in the value of And is not applied to the 

40 lower limit of And. 

[0124] As detailed above, the inventors of the present invention have found that from the specific calculation using 
actual specifications of the liquid crystal layer, it is useful in the reflective liquid crystal display device in the single polar- 
izer plate mode to set And to not less than 1 50nm, with 350nm being the upper limit thereof, and to set the twist angle 
of the liquid crystal to 45° to 1 00°. 

45 

[Example 2] 

[0125] In Example 2, reflective liquid crystal display devices structured as in aforementioned Figure 1 were fabricated 
with parameters listed in table 1 to obtain five Samples #2a through #2f. 

50 



55 



14 



■J 

EP 0 978 752 A1 



(Table 1] 



Sample 

Parameter 


#2a 


#2b 


#2c 


#2d 


#2e 


#2f 


And 


260 


330 


120 


380 


260 


260 


03 O 


40 


40 


40 


40 


55 


20 


Twist Angle (*) 


70 


70 


70 


70 


40 


110 


01 {') 


75 


75 


75 


75 


75 


75 I 


Retardation Caused by Optical 
Retardation Compensator Plate 8 


135 


135 


13 5 


135 


135 


135 1 


02 O 


15 


15 


15 


15 


15 


15 | 


Retardation Caused by Optical 
(Retardation Compensator Plate 9 


270 


270 


270 


270 


270 


270 | 



30 [0126] Display results of Samples are shown roughly in Table 2. 



[Table 2] 



35 


Sample 
Voltage 


#2a 


#2b 


#2c 


#2d 


#2e 


*2f 


40 


0 


White 
Display 


Yellowish 

White 

Display 


Gray 


Orangish 

White 

Display 


Reddish 

White 

Display 


Gray 


45 


Vth 


White 
Display 


White 
Display 


Gray 


Yellowish 

White 

Display 


Yellowish 

White 

Display 


Gray 




1.5 x 
Vth 


Gray 


Gray 


Dark 
Gray 


White 
Display 


White 
Display 


Dark 
Gray 


50 


2.0 x 
Vth 


Dark 
Gray 


Dark Gray 


Dark 
Gray 


Gray 


Gray 


Black 


55 


3.0 x 
vth 


Black 


Black 


Black 


Dark Gray 


Dark Gray 


Black 
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[0127] Note that Vth refers to threshold voltage values where change In the alignment of the liquid crystal layer 1 Is 
observed with each sample, and takes different values due to And that is set to different values. 
[0128] As shown in the above, as for Samples #2a and #2b whose parameters feil in the range of the reflective liquid 
crystal display device in accordance with the present invention, a white display changed into a black display when the 
5 voltage changed from the actually used voltage, i.e., Vth to 3.0xVth. In contrast, as for Samples #2c through #2f whose 
parameters did not fall in the range of the reflective liquid crystal display device in accordance with the present inven- 
tion, the display was dark (Samples #2c and #2f), or colored (Samples #2d and #2e). 

[0129] Those display results shown in Table 2 show that such large changes in properties that happened to Samples 
#2a through #2f were not observed if only the specified relative angle, 63, formed with the alignment direction of the 
io liquid crystal is changed without changing the relative angles, 61 and 62, between the polarizer plate 10 and the optical 
retardation compensator plates 8 and 9, and confirm rather the dependency on the specifications of the liquid crystal 
layer 1. 

[0130] In addition, similar displays as shown in Table 2 were observed with all combinations: for example, such spec- 
ifications that the light polarized circularly in reverse handedness enters the liquid crystal (i.e., 61 and 62 simultaneously 
is increased by 90°, or both 61 and 62 altered in sign) and such specifications to obtain the light polarized circularly in the 
same direction (i.e., both 61 and 62 changed in sign and increased by 90°). 

[0131] The above description shows that by specifying the liquid crystal layer 1 so that the product of the birefringence 
difference of the liquid crystal in the liquid crystal layer 1 and the thickness of the liquid crystal layer is not less than 
1 50nm and not more than 350nm, and the twist angle of the liquid crystal layer is in a range of 45° to 1 00°, a satisfactory 
20 display can be realized in the limited range. 

[0132] Following Examples 3 and 4 show optimization examples in which the inventors of the present invention exam- 
ined conditions to achieve more satisfactory display. 

[Example 3] 

25 

[0133] As Example 3, a reflective liquid crystal display device will be described that includes a liquid crystal layer of 
which the twist angle of the twisted nematic liquid crystal is set to 90° and two optical retardation compensator plates 
have retardation of 135nm and 270nm respectively. 

[0134] In Example 3, a reflective liquid crystal display device structured as shown in aforementioned Figure 1 was 
30 fabricated. The light reflective film 7 on a substrate 5 was made of aluminum and served as a light reflective electrode. 
In addition, the liquid crystal drive cell was a 90° twisted liquid crystal layer 1 that was adjusted to have a thickness of 
4.2 urn after the introduction of liquid crystal, the introduced liquid crystal material used here having the same liquid 
crystal physical properties (dielectric anisotropy, elasticity, viscosity, nematic temperature range, and voltage retaining 
property) as the liquid crystal used in a typical TFT transmissive liquid crystal display device only except An which was 
35 adjusted to 0.065. Here, the product of the thickness of the liquid crystal layer 1 and the birefringence difference of the 
liquid crystal was set to 273 nm. 

[0135] In the present example, the polarizer plate 10, the optical retardation compensator plate 8, and the optical 
retardation compensator plate 9 were configured as shown in Figure 8. Note in Figure 8 that 1 1 refers to the transmis- 
sion axis direction of the polarizer plate 10, 12 refers to the slow axis direction of the optical retardation compensator 

40 plate 9, 13 refers to the slow axis direction of the optical retardation compensator plate 8, 14 refers to the direction of 
the alignment of the liquid crystal molecules that are in contact with the alignment layer 2 formed on a substrate 4, i.e., 
that are in a close proximity of the alignment layer 2, and 1 5 refers to the direction of the alignment of the liquid crystal 
molecules that are in contact with the alignment layer 3 formed on a substrate 5, i.e., that are in a close proximity of the 
alignment layer 3, and also that the figure is viewed from the direction of the incident light on the liquid crystal display 

45 device. 

[0136] Further, the positional relationship, as shown in Figure 8, stipulates that fhe angle, 61 , formed by the transmis- 
sion axis direction 1 1 of the polarizer plate 10 and the slow axis direction 1 3 of the optical retardation compensator plate 
8 was set to 75°, the angle, 62, formed by the transmission axis direction 1 1 of the polarizer plate 10 and the slow axis 
direction 12 of the optical retardation compensator plate 9 was set to 15°, and the angle, 63, formed by the alignment 
50 direction 14 of the liquid crystal molecules on the substrate 4 and the transmission axis direction 11 of the polarizer 
plate 10 was set to 30°. 

[0137] The optical retardation compensator plate 8 and the optical retardation compensator plate 9 were both formed 
from an oriented film made of polyvinylalcohol; the optical retardation compensator plate 8 introduced a phase differ- 
ence controlled to 130nm to 140nm to the light having a wavelength of 550nm that traveled therethrough in a normal 
55 direction, and the optical retardation compensator plate 9 introduced a phase difference controlled to 265nm to 275nm 
to the same kind of light 

[0138] The optical retardation compensator plates 8 and 9 were configured in such a manner to enhance the optical 
properties of the fabricated liquid crystal display device in the front direction; however, their configuration, including the 
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liquid crystal layer 1 , may be changed while considering characteristics in observation from an oblique direction. For 
example, either or each of the optical retardation compensator plates 8 and 9 may be replaced with a biaxial optical 
retardation compensator plate, so as to alter the phase differences introduced to the light passing in an oblique direction 
by the optical retardation compensator plates 8 and 9 while satisfying conditions on the settings of the angles in accord- 
5 ance with the present example as shown in Figure 8. In addition, needless to say, the settings of the angles may be 
altered within the range given by aforementioned Equation (1). 

[0139] Further, as the polarizer plate 1 0, a polarizer plate was used that included an AR layer made up of multi-layered 
dielectric films and showed a transmittance of 45% when measured in a single piece. 

[0140] A graph is shown in Figure 9 illustrating a voltage dependency of reflectance of the reflective liquid crystal dis- 
w play device arranged in the aforementioned manner. The reflectance was measured, as shown in Figure 10, in a driven 
state where voltage was applied across the reflective liquid crystal display device in accordance with the present exam- 
ple, using an optical detector detecting the light that radiated from an illumination light source device, travelled via a half 
mirror to enter on the side where the substrate 4 is disposed, and reflected at the light reflective film disposed on a sub- 
strate 5. Further, in Figure 9, the reflectance at 100% represents a measurement on the same liquid crystal display 
75 device as that of the present example, except that it includes no optical retardation compensator plates, but only the 
same polarizer plates as those in the device on which measurement is conducted as above, in a state where liquid crys- 
tal is not lilled. In addition, luminous reflectance (Y values) is employed as the reflectance. 

[0141] As can be seen from the measurement results shown in Figure 9, a high reflectance was obtained at a drive 
voltage as low as about 1 V or even lower. 

20 

[Example 4] 

[0142] As Example 4, a reflective liquid crystal display device will be described that includes a liquid crystal layer of 
which the twist angle of the twisted nematic liquid crystal is set to 70° and two optical retardation compensator plates 

25 have retardation of 135nm and 270nm respectively. 

[0143] In Example 4, a reflective liquid crystal display device structured as shown in aforementioned Figure 1 was 
fabricated The light reflective film 7 on a substrate 5 was made of aluminum and served as a light reflective electrode. 
In addition, the liquid crystal drive cell was a 70° twisted liquid crystal layer 1 that was adjusted to have a thickness of 
4.5 ^m (Sample #4a) or 4.2 urn (Sample #4b) after the introduction of liquid crystal, the introduced liquid crystal mate- 

30 rial used here having the same liquid crystal physical properties (dielectric anisotropy, elasticity, viscosity, nematic tem- 
perature range, and voltage retaining property) as the liquid crystal used in a typical TFT transmissive liquid crystal 
display device only except An which was adjusted to 0.06. Here, the product of the thickness of the liquid crystal layer 
.1 and the birefringence difference of the liquid crystal was set to 270nm (Sample #4a) or 250nm (Sample #4b). 
[0144] In the present example, the polarizer plate 10, the optical retardation compensator plate 8, and the optical 

35 retardation compensator plate 9 were configured as shown in Figure 1 1 . Note in Figure 1 1 that 1 1 refers to the trans- 
mission axis direction of the polarizer plate, 12 refers to the slow axis direction of the optical retardation compensator 
plate 9, 13 refers to the slow axis direction of the optical retardation compensator plate 8, 14 refers to the direction of. 
the alignment of the liquid crystal molecules that are in contact with the alignment layer 2 formed on a substrate 4, i.e., 
that are in a close proximity of the alignment layer 2, and 15 refers to the direction of the alignment of the liquid crystal 

40 molecules that are in contact with the alignment layer 3 formed on a substrate 5, i.e., that are in a close proximity of the 
alignment layer 3, and also that the figure is viewed from the direction of the incident light on the liquid crystal display 
device. 

[0145] Further, the positional relationship, as shown in Figure 1 1 , stipulates that the angle, 61, formed by the trans- 
mission axis direction 1 1 of the polarizer plate 10 and the slow axis direction 13 of the optical retardation compensator 
45 plate 8 was set to 75°, the angle, 62, formed by the transmission axis direction 1 1 of the polarizer plate 1 0 and the slow 
axis direction 12 of the optical retardation compensator plate 9 was set to 15°, and the angle, 63, formed by the align- 
ment direction 1 4 of the liquid crystal molecules on the substrate 4 and the transmission axis direction 1 1 of the polar- 
izer plate 1 0 was set to 45°. 

[0146] The optical retardation compensator plate 8 and the optical retardation compensator plate 9 were both formed 
so from an oriented film made of polyvinylalcohol; the optical retardation compensator plate 8 introduced a phase differ- 
ence controlled to 130nm to 140nm to the light having a wavelength of 550nm that travelled therethrough in a normal 
direction, and the optical retardation compensator plate 9 introduced a phase difference controlled to 265nm to 275nm 
to the same kind of light. 

[0147] The optical retardation compensator plates 8 and 9 were configured in such a manner to enhance the optical 
55 properties of the fabricated liquid crystal display device in the front direction; however, their configuration, including the 
liquid crystal layer 1, may be changed while considering characteristics in observation from an oblique direction. For 
example, either or each of the optical retardation compensator plates 8 and 9 may be replaced with a biaxial optical 
retardation compensator plate, so as to alter the phase differences introduced to the light passing in an oblique direction 
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by the optical retardation compensator plates 8 and 9 while satisfying conditions on the settings of the angles in accord- 
ance with the present example as shown in Figure 1 1. In addition, needless to say, the settings of the angles may be 
altered within the range given by aforementioned Equation (1). 

[0148] Further, as the polarizer plate 1 0, a polarizer plate was used that included an AR layer made up of multi-layered 

5 dielectric films and showed a transmittance of 45% when measured in a single piece. 

[0149] The reflectance of the reflective liquid crystal display device arranged in the aforementioned manner showed 
the same voltage dependency as that illustrated In the graph in aforementioned Figure 9. As can be seen from these 
results, a high reflectance was obtained at a drive voltage as low as about 1 V or even lower. Note that the reflectance 
was measured, shown in Figure 10, using the same optical measuring system as in aforementioned Example 3 and 

w also that the reflectance at 100% was set in the same manner as in aforementioned Example 3. 

[0150] In addition, Table 3 shows contrast, coloring in white, and coloring in black for a variety of angles, 63, formed 
by the transmission axis of the polarizer plate 10 and the alignment direction of the liquid crystal in a close proximity of 
the upper substrate 4. 

75 

[Table 3] 



83/ degree 


Sample #4 a 


Sample #4b 




Uvl III CUl 


Onlnri nn 

In White 


Golorina In 
Black 


Overall 
Evaluation 


{Contra 


fV>!r>rinn In 

Vwll/I II IU II 1 

White 


("Inlnrinn In 

Black 


Evaluation 


0 


X 


X 


X 


X 


A 


A 


X 


X 


10 


A 


A 


X 


X 


o 


o 


X 


X 


20 


A 


A 


A 


A 


o 


o 


A 


A 


30 


A 


A 


o 


A 


o 


o 


o 


o 


40 


o 


o 


o 


o 


o 


o 


O 


o 


50 


o 


o 


o 


o 


o 


o 


O 


o 


60 


o 


o 


o 


o 


o 


o 


O 


o 


70 


o 


o 


A 


A 


o 


o 


A 


A 


80 


o 


o 


X 


X 


o 


o 


X 


X 


90 


o 


o 


X 


X 


o 


o 


X 


X 


100 


A 


A 


X 


X 


o 


o 


X 


X 


110 


A 


A 


A 


A 


o 


o 


A 


A 


120 


A 


A 


A 


A 


o 


o 


A 


A 


130 


X 


X 


o 


X 


A 


A 


O 


A 


140 


X 


X 


A 


X 


A 


A 


A 


A 


150 


X 


X 


A 


X 


A 


A 


A 


A 


160 


X 


X 


X 


X 


A 


A 


X 


X 


170 


X 


X 


X 


X 


A 


A 


X 


X 


(In Table, Q is f° r excellent, A for good, and X for unsuitable or use) 



so [0151] As can be confirmed by these results, a reflective liquid crystal display device could be realized with high dis- 
play quality by setting 83 to not less than 20° and not more than 70° or not less than 110° and not more than 150°. 

[Example 5] 

55 [0152] As Example 5, a reflective liquid crystal display device will be described that includes a liquid crystal layer of 
which the twist angle of the twisted nematic liquid crystal is set to 70° and two optical retardation compensator plates 
have retardation of 135nm and 270nm respectively. 

[0153] In Example 5, a reflective liquid crystal display device structured as shown in aforementioned Figure 1 was 
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fabricated. The light reflective film 7 on a substrate 5 was made of aluminum and served as a light reflective electrode. 
In addition, the liquid crystal drive cell was a 70° twisted liquid crystal layer 1 that was adjusted to have a thickness of 
4.5 urn after the introduction of liquid crystal, the introduced liquid crystal material used here having the same liquid 
crystal physical properties (dielectric anisotropy, elasticity, viscosity, temperature properties, and voltage retaining prop- 
5 erty) as the liquid crystal used in a typical TFT transmissive liquid crystal display device only except An which was 
adjusted to 0.0667. Here, the product of the thickness of the liquid crystal layer 1 and the birefringence difference of the 
liquid crystal was set to 300nm. 

[0154] In the present example, the polarizer plate 10, the optical retardation compensator plate 8, and the optical 
retardation compensator plate 9 were configured in two kinds as shown in Figures 12(a) and 12(b), and two kinds of 

10 samples were fabricated accordingly. Note in Figures 12(a) and 12(b) that, similarly to aforementioned Figure 8, 11 
refers to the transmission axis direction of the polarizer plate 10, 12 refers to the slow axis direction of the optical retar- 
dation compensator plate 9, 13 refers to the slow axis direction of the optical retardation compensator plate 8, 14 refers 
to the direction of the alignment of the liquid crystal molecules that are in contact with the alignment layer 2 formed on 
a substrate 4, I.e., that are in a close proximity of the alignment layer 2, and 15 refers to the direction of the alignment 

15 of the liquid crystal molecules that are in contact with the alignment layer 3 formed on a substrate 5, i.e., that are in a 
close proximity of the alignment layer 3, and also that the figure is viewed from the direction of the incident light on the 
liquid crystal display device. 

[0155] Further, the positional relationship of one of the samples, as shown in Figure 12(a), stipulates that the angle, 
01 , formed by the transmission axis direction 1 1 of the polarizer plate 10 and the slow axis direction 13 of the optical 
20 retardation compensator plate 8 was set to 75°, the angle, 62, formed by the transmission axis direction 1 1 of the polar- 
izer plate 10 and the slow axis direction 12 of the optical retardation compensator plate 9 was set to 15°, and the angle, 
63, formed by the alignment direction 14 of the liquid crystal molecules on the substrate 4 and the transmission axis 
direction 1 1 of the polarizer plate 1 0 was set to 40°. This sample will be called Sample #5a. 

[0156] The positional relationship of the other sample, as shown in Figure 12(b), stipulates that the angle. 61 , formed 
25 by the transmission axis direction 1 1 of the polarizer plate 10 and the slow axis direction 13 of the optical retardation 
compensator plate 8 was set to 75°, the angle, 62, formed by the transmission axis direction 1 1 of the polarizer plate 1 0 
and the slow axis direction 12 of the optical retardation compensator plate 9 was set to 15°, and the angle, 63, formed 
by the alignment direction 1 4 of the liquid crystal molecules on the substrate 4 and the transmission axis direction 1 1 of 
the polarizer plate 10 was set to 130°. This sample will be called Sample #5b. As a result, Samples #5a and #5b differed 
30 from each other in 63 and shared common 61 and 62. 

[0157] Note that as to these Samples #5a and #5b, similarly to aforementioned Example 3, the optical retardation 
compensator plate 8 and the optical retardation compensator plate 9 were both formed from an oriented film made of 
polyvinylalcohol; the optical retardation compensator plate 8 introduced a phase difference controlled to 130nm to 
1 40nm to the light having a wavelength of 550nm that travelled therethrough in a normal direction, and the optical retar- 
35 dation compensator plate 9 introduced a phase difference controlled to 265nm to 275 nm to the same kind of light. In 
addition, as the polarizer plate 10, a polarizer plate was used that included an AR layer made up of multi-layered die- 
lectric films and showed a transmittance of 45% when measured in a single piece. 

[0158] A graph is shown in Figure 13 illustrating voltage dependencies of reflectance of the reflective liquid crystal 
display devices (Sample #5a and #5b) arranged in the aforementioned manner. In Figure 13, the curve 13-1 represents 

40 measurement results of Sample #5a, and the curve 1 3-2 those of Sample #5b. Note that the reflectance was measured, 
as shown in Figure 10, using the same optical measuring system as in aforementioned Example 3 and also that the 
reflectance at 100% was set in the same manner as in aforementioned Example 3, As can be understood from the 
measurements shown in Figure 13, a high reflectance was obtained at a drive voltage as low as about 1.5V or even 
lower; a comparison of the two curves shows that a higher reflectance was obtained with Sample #5a represented by 

45 the curve 13-1. 

[0159] In addition, Table 4 shows results of the examination of voltage versus reflectance property on the reflective 
liquid crystal display devices (Samples #5a and #5b) of Example 5 as detailed here and the reflective liquid crystal dis- 
play device of aforementioned Example 3. 

50 

[Table 4] 





Brightness in Bright 
State 


Contrast Ratio 


Example 3 


90% 


10 


Example 5 (Sample #5a) 


95% 


8 


Example 5 (Sample #5b) 


95% 


15 
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[0160] As understood from Tabte 4, in either case, a sufficient reflectance and contrast ratio was achieved in a bright 
state; the reflective liquid crystal display devices were satisfactory in visual observation too. 

[0161] Note that in Table 4 the contrast ratio is defined as the quotient obtained by dividing the reflectance in the bright 
state by the reflectance in the dark state. Here, the voltage that produces the highest reflectance for each example was 
5 used as the voltage applied in the bright state, while the voltage applied in the dark state was set to 3V. 

[Example 6] 

[0162] As Example 6, a reflective liquid crystal display device will be described that was fabricated following the same 
io conditions as in those in aforementioned Example 4. Optical properties were measured on the reflective liquid crystal 
display device with different combinations of An(450)/An(550) and An(650)/An(550), i.e., (1,1), (1.003, 0.993), (1.007, 
0.987), (1.01, 0.98), (1.03, 0.96), (1.06, 0.95), and (1.1, 0.93), and the results are shown in Table 5. Note that 
An(450)/An(550) and An(650)/An(550) represent the ratios of the refractive index anisotropics, An(450) and An(650), of 
the optical retardation compensator plate 8 and the optical retardation compensator plate 9 with respect to light having 
15 a wavelength of 450nm and with respect to light having a wavelength of 650nm respectively to the refractive index ani- 
sotropy, An(550), of the optical retardation compensator plate 8 and the optical retardation compensator plate 9 with 
respect to light having a wavelength of 550 nm. 



[Table 5] 



An(450)/An(550) 


An(650)/An(550) 


Properties 


1 


1 


o 


1.003 


0.993 


o 


1.007 


0.987 


o 


1.01 


0.98 


A 


1.03 


0.96 


A 


1.06 


0.95 


A 


1.1 


0.93 


X 


(In Table, O > s f° r excellent, A for good, and X for 
unsuitable for use) 



35 

[0163] These results conlirm that a reflective liquid crystal display device display could be made with high display 
quality by such settings to satisfy the relationships: 

40 1 < An(450)/An(550) < 1.06, and 

0.95 < An(650)/An(550) < 1, 

and with even higher display quality by such settings to satisfy the relationships: 

45 

1 < An(450)/An(550) < 1 .007, and 
0.987 < An(650)/An(550) < 1 . 

so [Example 7] 

[01 64] As Example 7, a reflective liquid crystal display device will be described that was fabricated following the same 
conditions as in those in aforementioned Example 4. Brightness, contrast, coloring were measured, and overall evalu- 
ation was made on the reflective liquid crystal display by altering the angle, 04, formed by a direction 16 on the plane 
55 defined by the viewing direction and the normal to the display surface shown in Figure 14 and the direction 14 of the 
liquid crystal molecules in a close proximity of the second substrate, and the results are shown in Figure 15. The results 
confirm that a reflective liquid crystal display device was obtained with high display quality, in particular, substantially 
excellent brightness, contrast, and parallax from the achromatic axis by setting G4 to not less than 0° and not more than 
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30° or not less than 180° and not more than 210°. 

[Example 8] 

s [0165] As Example 8 t the following description will explain an example using a light reflective film having smooth con- 
cavities and convexities and an active matrix driving system. 

[0166] Figure 16 is a cross-sectional view showing a structure of a major part of a reflective liquid crystal display 
device of Example 8. As shown in Figure 16, the reflective liquid crystal display device 16 included a first substrate 5 
and a second substrate 4 that was made of transparent glass and further includes as an active switching element an 
10 TFT element 17 formed on each pixel on the first substrate 5. On the TFT element 17 and drive wires (not shown) were 
formed an interlayer insulating film 18. The drain terminal (not shown) of the TFT element 17 was electrically connected 
to a light reflective pixel electrode 19 via a contact hole. On the light reflective pixel electrode 19 was formed an align- 
ment layer 3 with a 100nm thickness. 

[0167] Here, the light reflective pixel electrode 19 was made of conductive metal, such as aluminum, nickel, chro- 

15 mium, silver, and an alloy including one or more of these metals, and was light reflective. Further, as to the shape, the 
light reflective pixel electrode 19 had smooth concavities and convexities at a portion where there was provided no con- 
tact hole so as to prevent the metallic reflecting surface from serving as a specular surface. 
[0168] Next, a method of forming the light reflective pixel electrode 19 will be explained in detail. 
[0169] Relatively large protrusions 20 and relatively small protrusions 21 were made in great numbers from photo- 

20 sensitive resin material on the surface of the substrate 5 on which the TFT elements 17 and the drive wires (not shown) 
had been fabricated in advance. The relatively large protrusions 20 and relatively small protrusions 21 were formed in 
great numbers in a circular shape using photolithography technique so as to have bottom diameters of D1 and D2 
respectively (see Figure 16). The D1 and D2 were set to 5 u,m and 3 |im respectively for example. In addition, the inter- 
val, D3, between the protrusions was set to 2 urn or greater. In addition, the heights of the protrusions, which were con- 

25 tradable during fabrication of the film from photosensitive resin material, was set to 1 .5 urn in the present example, and 
the heads of the protrusions were made smooth in exposure and baking processes that followed. 
[0170] Subsequently to this, the protrusions 20 and 21 were covered, and a planarization layer 22 was formed from 
a similar photosensitive resin material to plug the flat portion between the protrusions 20 and 21 . Hence, the surface of 
the planarization layer 22, being affected by the protrusions 20 and 21, had a smoothly curved surface, that was the 

so required target shape. Note that the protrusion and the planarization layer 22 were not fabricated in the contact hole 
portion. 

[01 71] Through the fabrication of the TFT element substrate 23 having such a structure, a reflective liquid crystal dis- 
play device that had a high so-called aperture ratio and was therefore bright was obtained wherein no parallax existed 
because the light reflective pixel electrode 19 doubled as a reflector plate and was disposed near the liquid crystal layer 
35 1, and no light, having passed through the liquid crystal layer 1 and reflected at the light reflective pixel electrode 19, 
was damaged by the TFT element 17 and the element drive wires (not shown) portion. 

[0172] In contrast the other substrate, which was used in combination with the TFT element substrate 23, included 
a highly bright color filter 24 in accordance with a reflective mode. The color filter 24 was provided with a black matrix 
25 that prevented color mixture between the pixels and leakage of reflected light in a dark display caused by no-voltage 

40 applied portions between pixel electrodes and electric field disturbance. 

[0173] The black matrix 25, even if being made from an inexpensive metal film for example, did not reflect light to 
degrade visibility, since the incident light, which was already substantially circularly polarized, was reflected at the black 
matrix 25, and then absorbed again by the polarizer plate upon exiting, due to the function of the optical retardation 
compensator plate. Note that the black matrix 25, if being further subjected to a low reflection process, was more pref- 

45 erable to be used for a high contrast display. 

[0174] Opposite electrodes 6 were formed, on the color filter 24 in such a manner to oppositely face the light reflective 
pixel electrode 19, with a 140nm thickness and a desired pattern to drive the TFT elements, by mask depositing ITO 
(Indium Tin Oxide) as a transparent electrode 6 using a sputtering technique. Then an alignment layer 2 was formed 
further thereon, which completed the process to fabricate a color filter substrate 26. 

so [0175] Note that even if the transparent electrode 6 had a thickness other than 1 40nm, since part of incident light that 
was reflected without reaching the liquid crystal layer 1 due to interference effects by the thickness of the transparent 
electrode 6 was absorbed by the optical retardation compensator plates 8 and 9 and the polarizer plate 10, there were 
no adverse effects on a dark state, and visibility did not deteriorate. 

[0176] In addition, the color filter 24 used here was suitably designed to produce brightness that was suited for high 
55 contrast display mode using a polarizer plate, and the color filter substrate 26 had a transmittance of 50% at Y value 
with the black matrix 25 having an aperture ratio of 90%. 

[0177] The TFT element substrate 23 and the color filter substrate 26 prepared in this manner were subjected to an 
alignment layer treatment through rubbing, a process to dispose plastic spacers (not shown) for maintaining the thick- 
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ness of the liquid crystal layer 1 , and a process to dispose a sealing material along edges, and thereafter were aligned 
with each other so as to oppositely face each other, and sealed through curing under pressure, so as to prepare a liquid 
crystal cell into which liquid crystal would be filled. Further, In the liquid crystal layer 1 , liquid crystal material having a 
positive dielectric anisotropy Ae was introduced using vacuum filling. Hereinafter, the direction around the liquid crystal 
5 display device would be described as viewed by a viewer who oppositely faced the device, with the upward direction 
being defined as the 12 o'clock direction in reference to a clock face. 

[0178] On a side of the color filter substrate 26, opposite to the liquid crystal layer 1 , were disposed optical retardation 
compensator plates 8 and 9 that were formed from an oriented film made of polyvinylalcohol. A polarizer plate 10 was 
disposed further on the optical retardation compensator plates 8 and 9. 

w [0179] In the present example, the polarizer plate 10, the optical retardation compensator plate 8, and the optical 
retardation compensator plate 9, which constituted the circular polarizer plate 100, were configured as shown in Figure 
17. Note in Figure 17 that 11 refers to the transmission axis direction of the polarizer plate 10, 12 refers to the slow axis 
direction of the optical retardation compensator plate 9, 13 refers to the slow axis direction of the optical retardation 
compensator plate 8, 14 refers to the direction of the alignment of the liquid crystal molecules that are in contact with 

is an alignment layer 2 formed on the color filter substrate 26, i.e., that are in a close proximity of the alignment layer 2, 
and 1 5 refers to the direction of the alignment of the liquid crystal molecules that are in contact with an alignment layer 
3 formed on the TFT element substrate 23, i.e., that are in a close proximity of the alignment layer 3. Here, the alignment 
layer 2 on the color filter substrate 26 is fabricated so that the alignment processing direction 1 4 is in the 3 o'clock direc- 
tion relative to the device. 

20 [0180] Further, the positional relationship, as shown in Figure 17, stipulates that the angle, 01 , formed by the trans- 
mission axis direction 1 1 of the polarizer plate 10 and the slow axis direction 13 of the optical retardation compensator 
plate 8 was set to 75°, the angle, 62, formed by the transmission axis direction 1 1 of the polarizer plate 10 and the slow 
axis direction 12 of the optical retardation compensator plate 9 was set to 15°, and the angle, 03, formed by the align- 
ment direction 14 of the liquid crystal molecules on the color filter substrate 26 and the transmission axis direction 11 

25 of the polarizer plate 1 0 was set to 1 30°. 

[0181] In addition, the liquid crystal layer 1 used here was adjusted to have a thickness of 4.0 to 5.0 \im after the intro- 
duction of liquid crystal material, the liquid crystal used here had a An of 0.0667, the product of the thickness of the liq- 
uid crystal layer and the birefringence difference was set to substantially 300nm. The thickness of the liquid crystal layer 
1 differed depending on the place due to the concave and convex surface of the light reflective pixel electrode 19. 

30 [0182] Further, a drive circuit was mounted around the liquid crystal display fabricated in the above manner to com- 
plete the process of fabricate a reflective liquid crystal display device. 

[0183] In the reflective liquid crystal display device of the present example, since the light reflective pixel electrode 19 
was located near the liquid crystal layer 1 , there was no parallax being produced, and a satisfactorily high resolution 
display was realized. Those concavities and convexities provided to the light reflective pixel electrode 19 prevented the 
35 viewer from being reflected in the device, thereby realizing a satisfactory white display. Further, since nothing was dis- 
posed in front of the liquid crystal display device to randomly reflect incident light, the liquid crystal display device 
showed a satisfactory dark state. For these reasons, the liquid crystal display device achieved a high contrast ratio dis- 
play. 

[0184] In addition, since a highly bright color filter 24 was used, even when a polarizer plate was used, sufficient 
40 brightness could be ensured, the reflectance was low in the dark state, and color purity did not deteriorate because of 

the simultaneous viewing of the light reflected on color elements selected to this dark state and the fight reflected on 

the color elements selected to a bright state. This allowed a highly satisfactory color reproduction without damaging the 

color reproduction range of the color filter 24 despite the poor saturation of the highly bright color filter 24. 

[0185] In addition, since the voltage applied across the pixels were set to an intermediate state between a dark state 
45 and a bright state, there were no problems in producing gray scales. Therefore, there were no problems in reproducing 

half tones with the colors of the color filter 24. In addition, it was confirmed that in actual driving the response speed 

posed no problems in reproducing moving pictures. 

[0186] As mentioned above, a reflective liquid crystal display device could be obtained, using a practicable fabrication 
method, that could display half-tones and moving pictures while maintaining a satisfactory color reproduction range. 

50 

[Example 9] 

[0187] As Example 9, a reflective liquid crystal display device will be described that is an example to enhance bright- 
ness through the fabrication of a concave and convex light reflective film having an in-plane anisotropy and to specify 
55 the direction in which the inclined viewing angle of the liquid crystal layer is satisfactory to a direction in which the bright- 
ness is high. 

[0188] In Example 9, the light reflective pixel electrode 19 of the reflective liquid crystal display device was fabricated 
to have concavities and convexities according to a pattern different from that in Example 8, so that the concavities and 
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convexities varied depending on the direction on the plane on which the reflective electrodes were formed. 
[0189] In the present example, a pattern was formed that satisfied the aforementioned conditions, as shown in the 
major-part-showing enlarged plan view constituting Figure 18, wherein the convexities were not circular, but elliptical, 
and had properties that are dependent to directions. Reflection property was measured on a light reflector plate consti- 
tuted only by a light reflective film having such concavities and convexities, using a measuring system shown in Figure 
19. To be more specific, as shown in Figure 19, illumination light was directed to enter from a 30° oblique direction, and 
the intensity of reflected light was measured in the normal direction to the light reflector plate surface by rotating the 
light source to detect reflective anisotropy. 

[0190] The results, shown in Figure 20, confirm that the light from a particular direction was efficiently guided toward 
the front of the liquid crystal display device. It should be noted, however, that considering that the refractive index of the 
liquid crystal material was greatly different from that of air, immersion oil (matching oil) having a refractive index of 1 .51 6 
was dropped on the light reflector plate surface and a transparent glass was attached thereonto for measurement. In 
addition, measured values were subjected to a conversion so that 100% would represent the value obtained when 
measurement was made in the same manner on a perfect reflecting diffuser (standard white board) made of MgO. In 
Figure 20, the curve 20-1 represents measured and then converted values for the anisotropic diffuse reflector plate of 
the present example, and the curve 20-2 represents measured and then converted values for a diffuse reflector plate 
similar to that used in Example 8. 

[0191J The results are shown in Figure 20. With the curve 20-1 representing such a reflector plate of the present 
example that the concavities and convexities are formed at a mean cycle that varies according to the direction on the 
reflector plate surface, the reflective brightness (reflected light intensity) changes greatly with a change in the incident 
direction, of illumination light. In contrast, with the curve 20-2 representing such a reflector plate (Example 8) that the 
concavities and convexities are formed isotropicatly, the reflective brightness (reflected light intensity) does not change 
greatly with a change in the incident direction, of illumination light. 

[0192] From these results, the inventors of the present invention have found that the direction dependent property 
(anisotropy), where the mean concavity and convexity cycle varies according to the direction on the reflector plate sur- 
face as can be seen with the reflector plate used in the present example, is useful means to increase reflective bright- 
ness. Further, in Figure 20 the directions $=90° and 270° in which the mean cycle of the concavities and convexities is 
short; it has been thus confirmed that illumination light from a direction in which the mean cycle is short has high reflec- 
tive brightness. 

[0193] Four kinds of samples were fabricated by forming alignment films 2 and 3 in the same manner as in Example 
8 on a TFT element substrate 23 having a light reflector plate characterized by these features and on a color filter sub- 
strate 26 fabricated in the same manner as in Example 8, and then subjecting the substrates 23 and 26 to an alignment 
layer treatment (the twist angle 70°). 

[0194] The samples differed from each other in the configuration of the polarizer plate 10, the optical retardation com- 
pensator plate 8, and the optical retardation compensator plate 9, as shown in Figures 21(a) to 21 (d). Note in Figures 
21(a) to 21(d) that, similarly to aforementioned Rgure 17, 11 refers to the transmission axis direction of the polarizer 
plate 10, 12 refers to the slow axis direction of the optical retardation compensator plate 9, 13 refers to the slow axis 
direction of the optical retardation compensator plate 8, 14 refers to the direction of the alignment of the liquid crystal 
molecules that are in contact with an alignment layer 2 formed on the color lilter substrate 26, i.e., that are in a close 
proximity of the alignment layer 2, and 15 refers to the direction of the alignment of the liquid crystal molecules that are 
in contact with an alignment layer 3 formed on the TFT element substrate 23, i.e., that are in a close proximity of the 
alignment layer 3. These figures are viewed from the direction in which light enters the liquid crystal display device. 
[0195] In other words, as to a sample shown in Figure 21(a), the positional relationship stipulates that the angle, 81, 
formed by the transmission axis direction 1 1 of the polarizer plate 10 and the slow axis direction 13 of the optical retar- 
dation compensator plate 8 was set to 75°, the angle, 62, formed by the transmission axis direction 1 1 of the polarizer 
plate 10 and the slow axis direction 12 of the optical retardation compensator plate 9 was set to 15°, and the angle, 93, 
formed by the alignment direction 14 of the liquid crystal molecules on the color filter substrate 26 and the transmission 
axis direction 1 1 of the polarizer plate 10 was set to 130°. This sample will be referred to as Sample #9a (the same as 
Example 8). Note that the alignment direction 14 of the liquid crystal molecules on the color filter substrate 26 was set 
parallel to the 3 o'clock direction. 

[0196] Further, as to a sample shown in Figure 21 (b), the positional relationship stipulates that the angle, 61 , formed 
by the transmission axis direction 11 of the polarizer plate 10 and the slow axis direction 13 of the optical retardation 
compensator plate 8 was set to 75°, the angle, 62, formed by the transmission axis direction 1 1 of the polarizer plate 1 0 
and the slow axis direction 12 of the optical retardation compensator plate 9 was set to 15°, and the angle, 63, formed 
by the alignment direction 14 of the liquid crystal molecules on the color filter substrate 26 and the transmission axis 
direction 11 of the polarizer plate 10 was set to 130°. This sample will be referred to as Sample #9b. Note that the align- 
ment direction 1 4 of the liquid crystal molecules on the color filter substrate 26 was set parallel to the 1 2 o'clock direc- 
tion. 
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[0197] Further as to a sample shown in Figure 21 (c), the positional relationship stipulates that the angle, 61 , formed 
by the transmission axis direction 1 1 of the polarizer plate 10 and the slow axis direction 13 of the optical retardation 
compensator plate 8 was set to 75°, the angle, G2, formed by the transmission axis direction 1 1 of the polarizer plate 1 0 
and the slow axis direction 12 of the optical retardation compensator plate 9 was set to 15°, and the angle, 63, formed 
s by the alignment direction 14 of the liquid crystal molecules on the color filter substrate 26 and the transmission axis 
direction 1 1 of the polarizer plate 10 was set to 40°. This sample will be referred to as Sample #9c. Note that the align- 
ment direction 1 4 of the liquid crystal molecules on the color filter substrate 26 was set parallel to the 3 o'clock direction. 
[0198] Further, as to a sample shown in Figure 21 (d), the positional relationship stipulates that the angle, 61 , formed 
by the transmission axis direction 1 1 of the polarizer plate 10 and the slow axis direction 13 of the optical retardation 
w compensator plate 8 was set to 75°, the angle, 62, formed by the transmission axis direction 1 1 of the polarizer plate 1 0 
and the slow axis direction 12 of the optical retardation compensator plate 9 was set to 1 5°, and the angle, 63, formed 
by the alignment direction 14 of the liquid crystal molecules on the color filter substrate 26 and the transmission axis 
direction 11 of the polarizer plate 10 was set to 40°. This sample will be referred to as Sample #9d. Note that the align- 
ment direction 14 of the liquid crystal molecules on the color filter substrate 26 was set parallel to the 12 o'clock direc- 
ts tion. 

[0199] Note that the samples were fabricated in the same manner as in aforementioned Example 8, except the proc- 
ess in which concave and convex patterns were fabricated on the light reflector plates. 

[0200] Visual observation of these sample reflective liquid crystal display devices that included the light reflector 
plates having such concavities and convexities revealed that a display was realized with a higher brightness with Sam- 

20 pies #9a to #9d than with foregoing Example 8 when viewed from the front direction, and also revealed that anisotropic 
concavities and convexities enhanced brightness. In such an event, reflective brightness was high when illumination 
light entered in the 12 o'clock direction or the 6 o'clock direction. Further, brightness was similarly high when the devices 
were illuminated from the front direction and viewed from the oblique 12 or 6 o'clock direction. 
[0201] Further, the sample liquid crystal display devices were illuminated from the front direction with incident illumi- 

25 nation light and viewed from various oblique angles that were 45° off the front direction; Samples #9 a and #9d achieved 
a satisfactory display in the 6 and 12 o'clock directions that were oblique directions in which reflective brightness was 
high, and also achieved a satisfactory contrast in display in the same directions, whereas when viewed from an oblique 
viewing direction in which brightness was high, the samples did not seemingly show any particular inclination-induced 
changes in the display. In contrast, observation revealed that Samples #9b and #9c degraded the contrast ratios in dis- 

30 play when viewed from the 6 or 1 2 o'clock direction in which brightness was high. 

[0202] This shows that the viewing angle direction in which the liquid crystal display modulation layer (the liquid crystal 
layer 1) showed excellent visibility varied according to the three different values of 63. In addition, Samples #9a and 
#9d, wherein the direction to give satisfactory visibility coincided with the direction in which the anisotropic concavities 
and convexities of the light reflector plate yielded high brightness, realized a high quality display featuring the high con- 

35 trast ratio of the polarizer plate, the optical retardation compensator plate, and the liquid crystal modulation layer (the 
liquid crystal layer) in accordance with the present invention. 

[0203] Note that the direction of the anisotropic concavities and convexities of the light reflector plate employed in the 
present example may be set differently according to principal ambient conditions in which the liquid crystal display 
device in accordance with the present invention is actually used; in such a case, needless to say, in order to obtain the 
40 same effects, the angles formed by the alignment of the liquid crystal, the polarizer plate, and the optical retardation 
compensator plate should be set so that the direction giving satisfactory oblique viewing angle properties coincides with 
the direction yielding high brightness. 

[Example 10] 

45 

[0204] Next, as Example 10, the following description will explain an example of a reflective liquid crystal display 
device incorporating a touch panel as information input means installed in a personal digital tool, which is a major appli- 
cation field of the reflective liquid crystal display device in accordance with the present invention. 
[0205] First, a reference is made to Figure 22 constituted by a cross-sectional view schematically showing a major 

50 part of an arrangement of a touch panel used in the present example. As shown in Figure 22, the touch panel 31 was 
a planar pressure sensitive element including a supporting substrate 28 on which a transparent electrode 30 was 
formed for detecting a pressed position and a movable substrate 27 on which a transparent electrode 29 was formed 
for detecting a pressed position, the transparent electrodes 29 and 30 being disposed so as to oppositely face each 
other with an air gap sandwiched therebetween. Note that both the movable substrate 27 and the supporting substrate 

55 28 used here had no birefringence. 

[0206] A major part of the structure of the present example is schematically shown in a cross-sectional view consti- 
tuting Figure 23. As shown in Figure 23, a reflective liquid crystal display device incorporating a touch panel of the 
present example included an optical retardation compensator plate 8, an optical retardation compensator plate 9, and 
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a polarizer plate 10 being attached onto the movable substrate 27 of the touch panel 31 , and all these were disposed 
on the display surface side of a liquid crystal drive cell having the same structure as the liquid crystal display device of 
aforementioned Example 8 except that no polarizer plate 10 and no optical retardation compensator plates 8 and 9 
were attached. 

5 [0207] In such an event, the alignment direction of the liquid crystal layer 1, the polarizer plate 10, and the optical 
retardation compensator plates 8 and 9 were configured in the same manner as in aforementioned Figure 17 (Example 
8), and further, the same arrangement was done except the touch panel. Note that an air gap 32 was provided so as to 
maintain the distance between the supporting substrate 28 of the touch panel and the color filter substrate 26 of the 
reflective liquid crystal display device and to thereby produce a pressure propagation prevention effect, the pressure on 

w the touch panel being prevented from propagating to a color filter substrate 26, without using a pressure buffering mem- 
ber which otherwise would have added to the weight of the device. 

[0208] In addition, as a comparative example, a reflective liquid crystal display device incorporating a touch panel was 
fabricated including a structure whose major part is shown in a cross-sectional view constituting Figure 24. In other 
words, the structure of the comparative example was equivalent to the touch panel 31 shown in Figure 22 being dis- 
75 posed on the polarizer plate 10 of the liquid crystal display device having the structure of aforementioned Example 8. 
Therefore, the only difference between the present example and the comparative example was the relative position of 
the touch panel 31. 

[0209] Next, comparison was made between the present example and the comparative example. First, as to the com- 
parative example, the light component reflected at the touch panel was directly viewed, thereby greatly degrading visi- 
20 bility. That reflected light included the light reflected due to the gap sandwiched between the touch panel supporting 
substrate 28 and the polarizer plate 10 as well as the light reflected due to the gap sandwiched between the transparent 
electrodes 29 and 30. 

[0210] In contrast, as to the present example, no reflected light component, such as that occurred with the compara- 
tive example, was observed; a very satisfactory display was observed similarly to the case where no touch panel is 
25 used (Example 8). Further as to the present example, unlike the comparative example, no light was observed to be 
reflected due to the gap sandwiched between the transparent electrodes 29 and 30. 

[0211] Further, no reflection was observed either at the interface between the air gap 32 for preventing pressure prop- 
agation and the touch panel supporting substrate 28 nor at the interface between the touch panel supporting substrate 
28 and the color filter substrate 26 of the liquid crystal display device. Therefore, according to Example 1 0, a reflective 
30 liquid crystal display device incorporating an input device (touch panel) was realized that was lightweight because of 
the lack of need for a pressure buffering member, and effectively utilized, for display, a circularly polarized state of light 
created by reflection preventive means of the input device. 

[0212] In addition, a more convenient and lightweight arrangement was feasible, if, to mention briefly, the movable 
substrate 27 of the touch panel 31 was omitted, and the transparent electrode 29 was directly disposed on the liquid 
35 crystal layer side of the optical retardation compensator plate 8. 

[SECOND EMBODIMENT OF THE INVENTION] 

[0213] Referring to drawings, the following description will explain another embodiment in accordance with the 
40 present invention. For convenience, members of the present embodiment that have the same function as members of 
the previous embodiment are indicated by the same reference numerals and description thereof is omitted. 
[0214] So far, the description has discussed examples wherein as to the case when substantially high voltage is 
applied across the liquid crystal layer, the liquid crystal layer has no polarized light conversion function, and satisfactory 
property is obtained in such approximation. However, considering that the voltage applied across the liquid crystal has 
45 practical limitations, optimization in detail is more effective. 

[0215] To be more specific, referring to aforementioned Figure 1 , a black display is achieved when the voltage applied 
across the liquid crystal is at its maximum value; the liquid crystal here does not entirely align in the substrate normal 
direction, and a consideration should be given to the component parallel to the substrates 4 and 5 remaining in the 
alignment of the liquid crystal. Conditions for a dark display with this taken into consideration are, similarly to cases 
so above, that in a state where a practically maximum voltage is applied across the liquid crystal, the incident light entering 
the polarizer plate 10 be circularly polarized after passing both the optical retardation compensator plates 8 and 9 and 
the liquid crystal layer 1 . 

[021 6] In this state, since a practically maximum voltage is applied across the liquid crystal 1 , the liquid crystal display 
device is in a state where no polarized light conversion function is produced. However, there remains a little polarized 
55 light conversion function (hereinafter, will be referred to as a residual phase difference) in accordance with the compo- 
nent of the alignment of the liquid crystal that is parallel to the substrate. By slightly modifying the previous conditions 
for the optical retardation compensator plates 8 and 9 to conform to this, a satisfactory dark display is achieved at prac- 
tically maximum voltage. 
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[0217] In contrast, conditions to realize a satisfactory bright display using the optical retardation compensator plates 
8 and 9 and the alignment of the liquid crystal layer 1 that are optimized so as to achieve a satisfactory dark display in 
the above manner are similarly that the polarization state on the surface of the reflector plate 3 be linearly polarized. 
However, design parameters for the liquid crystal layer 1 to satisfy those conditions are still decided on the same 
assumption that such a sufficiently high voltage can be applied that the residual birefringence of the liquid crystal 
becomes ignorable. 

[0218] In other words, in a case where the optical retardation compensator plates 8 and 9 are used that are slightly 
modified in accordance with the residual phase difference of the liquid crystal, the specifications for the liquid crystal 
layer 1 do not greatly differ from those before the modification, and are predicable from the previous specifications. 
[021 9] Figure 25 shows schematically an arrangement of a reflective liquid crystal display device of the present exam- 
ple. As shown in Figure 25, the reflective liquid crystal display device, including the arrangement of the reflective liquid 
crystal display device of aforementioned Embodiment 1, is arranged to have a third optical retardation compensator 
plate 101 between the substrate 4 and the optical retardation compensator plate 8 of the circular polarizer plate 100 to 
cancel the residual phase difference of the liquid crystal layer 1 . Figure 26 shows a configuration example of the three 
optical retardation compensator plates 8, 9, and 101 in the reflective liquid crystal display device. 
[0220] As to the direction of the slow axis of the residual phase difference of the liquid crystal layer 1 , if the twist angle 
of the liquid crystal layer 1 is set to about 70°, which is approximately the middle value of the setting range for the twist 
angle in accordance with the present invention, there remains a birefringence component of the slow axis which is par- 
allel to the alignment direction of the liquid crystal between the centers of the substrates 4 and 5 of the liquid crystal 
layer 1 . To cancel this, an optical retardation compensator plate having a slow axis in a direction perpendicular to the 
alignment of the liquid crystal is appropriately disposed as the third optical retardation compensator plate 101 . Although 
depending on the maximum voltage applied across the liquid crystal, the residual phase difference of the liquid crystal 
layer 1 can be cancelled if the magnitude of retardation is set to approximately 10 to 50nm. 

[0221] Next, the following description further discusses a method of achieving a satisfactory display by improving the 
viewing angle characteristic with the reflective liquid crystal display device shown in Figure 25. 
[0222] In the reflective liquid crystal display device shown in Figure 25, a satisfactory dark display is achieved at a 
maximum value of an actual driving voltage; according to a method whereby a satisfactory display is obtained in this 
manner, in a state where a sufficient voltage is applied across the liquid crystal layer 1 , the cancellation of the residual 
birefringence of the liquid crystal is effective. 

[0223] Therefore, the viewing angle becomes expandable by expanding such a viewing angle range that the residual 
birefringence of the liquid crystal layer 1 can be satisfactorily cancel. In order to achieve this, the use of an optical retar- 
dation compensator plate is effective with the three-dimensional configuration of the alignment of liquid crystal being 
taken into consideration. 

[0224] Figure 27 shows schematically a three-dimensional alignment in an actual driven state of the liquid crystal 
layer 1 . Note that Figure 27 shows the alignment of the liquid crystal of the reflective liquid crystal display device shown 
in Figure 25 more faithfully to the actual alignment. In such a state, the residual birefringence of the light passing 
through the liquid crystal layer 1 in the normal direction of the display surface can be cancel by a uniaxial optical retar- 
dation compensator plate having the slow axis direction thereof on an ordinary plane; however, as to the light obliquely 
passing through the liquid crystal layer 1, the use of an optical retardation compensator plate is effective with the incli- 
nation of the alignment of the liquid crystal layer 1 being further taken into consideration. 

[0225] First, since the liquid crystal aligns approximately perpendicular to the substrates 4 and 5, the refractive index 
of the liquid crystal layer 1 has a large component with respect to the electric field that is in the substrate normal direc- 
tion. In order to cancel this, an optical retardation compensator plate having a smaller refractive index with respect to 
the electric field that is in the layer thickness direction of the third optical retardation compensator plate 101 is effective; 
this is achieved by employing an optical retardation compensator plate that is optically uniaxial and has a smaller refrac- 
tive index with respect to the electric field that is in a film thickness direction than with respect to the electric field that is 
in a film surface direction as the optical retardation compensator plate 101. Further, the optical retardation compensator 
plate 101 may be an optically biaxial index ellipsoid with the purpose of canceling the residual phase difference of the 
aforementioned liquid crystal layer in a direction on a layer surface. 

[0226] In addition, more strictly, it is effective to take into account that the alignment of the liquid crystal is not com- 
pletely perpendicular to the substrates 4 and 5. Especially when a diffuse reflector film or a reflective film are configured 
obliquely to the display surface of the reflective liquid crystal display device, or more generally when such a reflecting 
surface is used that has a function to reflect light in a direction other than the specular reflection direction of the display 
surface, it is effective in achieving a satisfactory viewing angle characteristic to cancel the residual birefringence of the 
liquid crystal with respect to the optical path that extends from the transmission through the liquid crystal layer 1 to the 
arrival to the light reflective film 7 and also with respect to the outgoing optical path that extends from the light reflective 
film 7 to the transmission through the liquid crystal layer 1 . 

[0227] Referring to Figure 28, a more detailed explanation will be given. As illustrated in Figure 28, changes in illumi- 
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nation-associated environment brought onto the viewer who is in the front direction of the reflective liquid crystal display 
device as a result of the switching of illumination from ambient illumination light A to illumination light which is principally 
composed of illumination light B will be examined. 

[0228] In such an event, while the viewer and the liquid crystal display device are fixed in position, the brightness and 
5 hue in a dark display alter with a change in the ambient illumination light. This is because the residual birefringence of 
the liquid crystal is cancel to a variable degree according to the direction of the optical path in the liquid crystal layer 1 
through which light passes; a more satisfactory display can be achieved by preventing this from happening. 



[Example 1 1] 

10 

[0229] As Example 1 1 . two Samples #1 1 a and #1 1 b were obtained by fabricating reflective liquid crystal display 
devices incorporating the arrangement shown in aforementioned Figure 25 in accordance with the parameters listed in 
Table 6. 



[Table S) 



20 



Sample 

Parameter 


#lla 




And (nm) 


260 


260 


03 (') 


40 


40 


Twist Angle {*) 


70 


60 


Angle, $1, of Optical Retardation 
Compensator Plate 8 (*) 


75 


75 


Retardation Caused by Optical 
Retardation Compensator Plate 8 


13 5nm 


13 5nm 


Angle, 62, of Optical Retardation 
Compensator Plate 9 (*) 


15 


15 


Retardation Caused by Optical 
Retardation Compensator Plate 9 


270nm 


270nm 


$S (*) 


165 


165 


Retardation Caused by Optical 
Retardation Compensator Plate 101 


30nm 


3 0nm 



[0230] Figure 29 shows voltage versus reflectance curves for Samples #1 1a and #1 1b. For comparison, Figure 29 
also shows a voltage versus reflectance curve for the reflective liquid crystal display device of Example 3. 
[0231] It is understood from this that as to Sample #1 1 a of the present example, the reflectance slightly decreased in 
so a bright display, but a satisfactory dark display was achieved and also that as to Sample #1 lb, the brightness did not 
decrease and a satisfactory dark display was achieved. 

[0232] Here, a further research was made to replace the two optical retardation compensator plates 101 and 8 with 
only one optical retardation compensator plate that offered the same function as the two plates, which would eventually 
enable the fabrication of liquid crystal display devices having the same function as these arrangement examples at 
55 lower costs through reducing the number of optical retardation compensator plates used. 

[0233] In such an event, the inventors exploited the fact that two optical retardation compensator plates can be sub- 
stituted for a single optical retardation compensator plate that has a retardation equivalent to the sum of the retardations 
of the two optical retardation compensator plates if the two optical retardation compensator plates are stacked so that 
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their slow axes are parallel to each other, and can be substituted for a single optical retardation compensator plate that 
has a retardation equal to the difference between the retardations of the two optical retardation compensator plates if 
the optical retardation compensator plates are stacked so that their slow axes are perpendicular to each other. 
[0234] In other words, since the optical retardation compensator plate 8 and the optical retardation compensator plate 
101 in Sample #1 1b of the present example were configured so as to be stacked in a close proximity and also so that 
the slow axis directions were perpendicular to each other, a single optical retardation compensator plate having a retar- 
dation equal to the retardation of the two plates could replace the two plates. In other words, by changing the retardation 
of the optical retardation compensator plate 8, the same effects resulted as Samples #1 1 a and #1 1 b, etc. 
[0235] To confirm these effects, Samples #1 1c and #1 1d were additionally fabricated. Samples #1 1c and #11d each 
had the cross-sectional structure as that shown in Figure 1 mentioned in aforementioned Embodiment 1 . Table 7 shows 
the configuration of the optical retardation compensator plates 8 and 9 in Samples #11 c and #1 1d. 



[Table 7] 



Sample 

Parameter 


#llc 


#lld 


And (run) 


260 


260 


63 O 


45 


135 


Twist Angle (") 


60 


60 


61 C) 


75 


75 H 


Retardation Caused by Optical 
Retardation Compensator Plate 8 


105 


165 I 


62 


15 


15 


Retardation Caused by Optical 
1 Retardation Compensator Plate 9 


lOOnm 


I70nm 



[0236] The voltage versus reflectance curves of Samples #1 1 c and #1 1 d are similar to that of Sample #1 1 b shown in 
Figure 29. 

[0237] This shows that a more satisfactory property can achieved by additionally including a third optical retardation 
compensator plate and thereby cancelling the residual phase difference of liquid crystal across which a practically max- 
imum voltage is being applied. Further, it is confirmed that when two optical retardation compensator plates are in use, 
similar effects can be achieved by adjusting retardation. In other words, it is confirmed that a more satisfactory black 
display can be achieved by the addition and adjustment of an optical retardation compensator plate with actual driving 
being taken into account. 

[Example 12] 

[0238] In Example 1 2, an optically uniaxial optical retardation compensator plate having an inclined optical axis was 
used as the third optical retardation compensator plate 101 so as to cancel the residual birefringence of the liquid crys- 
tal layer 1 in more directions. The resultant reflective liquid crystal display device including the arrangement shown in 
Figure 30 was designated as Sample #12a. In addition, a biaxial optical retardation compensator plate was used as the 
third optical retardation compensator plate 101 to obtain a reflective liquid crystal display device having the arrange- 
ment shown in Figure 31 , which was designated as Sample #1 2b. 

[0239] In this example, the index ellipsoid of the optical retardation compensator plate 101 was not inclined to the sub- 
strate. 

[0240] Here, a concave and convex reflector plate made of metal (not shown) was used as the light reflective film 7 
similarly to the reflective liquid crystal display device shown in Figure 16 so as to provide a light diffusion property. 
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[0241] In addition, as Sample #1 2c, a reflective liquid crystal display device were fabricated having the same arrange- 
ment as Samples #12a and #12b, except that a positively uniaxial optical retardation compensator plate was used as 
the optical retardation compensator plate 101. 

[0242] Table 8 shows the configurations of optical elements of Samples #1 2a to #1 2c. 
(Table 8] 



10 


Sample 

Parameter 


#12a 


#12b 


*12c 




And (nm) 


260 


260 


260 1 


15 


63 C) 


45 


45 


45 B 




Twist Angle I *) 


60 


60 


60 | 




01 C) 


75 


75 


75 


20 


Ret.ardat.ion Caused by Optical 
Retardation Compensator Plate B 


uonm 


i j 5nm 


135nm 


25 


Angle, 62, of Optical Retardation 
Compensator Plate 9 (') 


15 


15 


15 




Retardation Caused by Optical 
Retardation Compensator Plate 9 


270nm 


27 0nm 


27 0nm 


30 


Type of Optical Retardation 
Compensator Plate 101 


Inclined, 
negative, 
uniaxial 


Biaxial 


Negative, 
uniaxial 


35 


Angle, 65, of Optical Retardation 
Compensator Plate 101 (') 


165* 


165* 


165* 




Retardation Caused by Optical 
(Retardation Compensator Plate 101 


3 0nm* 


3 0nm* 


3 0nm* 



*The directions of the optical retardation compensator plates 101 of 
Samples fl2a and #12b represent attachment directions in the x-direction 
of the optical retardation compensator plate, while the retardation of 
the optical retardation compensator 101 represents the value with 
respect to light propagating in the substrate normal direction with the 
x-direction being as the slow axis direction. 



[0243] In addition, Table 9 shows results of the evaluation on Samples #1 2a to #1 2c regarding viewing angles char- 
so acteristics. 
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[Table 9) 



5 


Sample 


#12a 


«12b 


812c 




r cix a i lie lc i. 










Bright Display 


white Display 


White Display 


white Display 


10 


Viewed from Front 










Dark Display Viewed 


No Coloring 


Coloring 


Coloring 




from Front 


Caused by 


Observed 


Observed 






Change in 


Depending on 


Depending on 


15 




Illumination 


Illumination 


Illumination 






Direction. No 


Direction. No 


Direction. 






Increase in 


Increase in 


Increase in 






Reflectance 


Reflectance 


Reflectance 


20 




in Black 


in Black 


in Black 




Display 


Display 


Display 




Bright Display 


White Display 


White Display 


White Display 




Viewed from Oblique 








25 












Dark Display Viewed 


Black Display 


Black Display 


Black Display 




from Oblique Angle 


with no 


with Coloring 


with Coloring 






Coloring for 


depending on 


depending on 


30 




Every 


Inclination 


Inclination 






Direction 


Direction 


Direction, 










Increasingly 










Bright with 


35 








Greater 








Inclination 



40 [0244] The optical retardation compensator plate 101 used in Sample #12a was fabricated through working on 
stretching process so that the index ellipsoid was inclined, and that the resultant light passing in the front direction 
showed retardation of approximately 30 nm. 

[0245] As shown in Figure 30, the film showed a negative uniaxiality that only the refractive index for the z-component 
of the electric field was smaller than the refractive indices for the other, i.e., x- and y-, components, and the z-direction 
45 was inclined from the normal direction of the optical retardation compensator plate 101 of a planar film. The optical 
retardation compensator plate 101 was configured so that the z-direction was similar to the direction of the alignment 
of the liquid crystal at a practically maximum voltage, and the x-direction functioned as the slow axis to the light travel- 
ling in the front direction of the optical retardation compensator plate 101. 
[0246] The optical retardation compensator plate 101 satisfied 

so 

(n y -n 2 )d 101 =(n x -n 2 )d l01 = 300nm, 

where d 101 represents the thickness of the optical function layer, and n x , ny, n z represent the respective refractive 
indices in the x-, y-, and z-directions shown in Figure 30. 
55 [0247] Further, needless to say, polymer film for fixing nematic liquid crystalline alignment or discotic liquid crystalline 
alignment may be used to precisely cancel the three-dimensional alignment of the liquid crystal layer 1. 
[0248] The optical retardation compensator plate 101 used in Sample #12b was fabricated through working on 
stretching process so that the index ellipsoid was biaxial, and the resultant retardation with respect to the optical axis 
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for transmission In the front direction was approximately 30nm. 

[0249] As shown in Figure 31, the refractive indices of the film, with respect to the components of an electric field, 
were the x-component, the y-component, and the z-component in descending order of magnitude. In addition, 
(n x -n y )d 101 =30nm, and (n y -n z )d 101 =300nm. 
5 [0250] As shown in Table 9, each bright display was a white display; however, the most satisfactory dark display was 
achieved with Sample #12a, followed by Sample #1 2b, then by Sample #12c. In addition, an overall evaluation ranked 
Samples #12a, #12b, and #12c in this order from the most satisfactory to less satisfactory. This Is because in a white 
display the properties varied, but created no visual changes. In contrast, in a black display, large visual changes were 
created, affecting the overall evaluation. 
10 [0251] As mentioned above, it has been confirmed that a liquid crystal display device can be achieved with a satis- 
factory viewing angle characteristic through working on the optical retardation compensator plate with the three-dimen- 
sional alignment of the liquid crystal taken into consideration. It has been also confirmed that a more satisfactory dark 
state can be achieved by rendering the optical retardation compensator plates 8 and 9 biaxial. 
[0252] Note, needless to say, in the present example that a retardation compensator film may be used that double- 
ts functions as the optical retardation compensator plate 8 and the optical retardation compensator plate 101 to reduce 
costs similarly to Example 1 1 . 

INDUSTRIAL APPLICABILITY 

20 [0253] As detailed so far, with the reflective liquid crystal display device in accordance with the present invention, the 
reflecting surface of a light reflector plate, such as a light reflective film, can be disposed on the liquid crystal layer side, 
and a satisfactory dark state can be obtained. Consequently, reflective liquid crystal display devices are obtainable that 
are free from parallax and displays high contrast, high resolution images, as well as moving pictures. 
[0254] In addition, by adopting a color filter geared for high brightness in the reflective liquid crystal display device in 

25 accordance with the present invention, a high quality, reflective-type color liquid crystal display device is obtainable with 
a satisfactory color reproduction capability. 

[0255] In addition, with the reflective liquid crystal display device incorporating a touch panel in accordance with the 
present invention, when a touch panel is attached to the reflective liquid crystal display device in accordance with the 
present invention, by employing a touch panel constituted by a polarizer plate and two optical retardation compensator 
30 plates, a high quality, reflective liquid crystal display device incorporating a touch panel is obtainable with a capability to 
prevent reflected light from adversely affecting display properties. 

[0256] As detailed so far, with the reflective liquid crystal display device in accordance with the present invention, the 
reflecting surface of a light reflector plate, such as a light reflective film, can be disposed on the liquid crystal layer side, 
and a satisfactory dark state can be obtained. Consequently, reflective liquid crystal display devices are obtainable that 
35 , s f ree from parallax and displays high contrast, high resolution images, as well as moving pictures. 

Claims 

1. A reflective liquid crystal display device, comprising: 

40 

a liquid crystal layer sandwiched between a first substrate having a light reflexibility and a second substrate 
having a light transmissibility, the liquid crystal layer being composed of twist-aligned nematic liquid crystal 
having a positive dielectric anisotropy; and 

circularly polarizing means, including a single linear polarizer plate, for selectively passing either right handed 
45 or left handed circularly polarized light out of natural light, 

the reflective liquid crystal display device being characterized in that 

the first substrate, the liquid crystal layer, and the circularly polarizing means are stacked in this order to form 
at least a part of the reflective liquid crystal display device, 

the circularly polarizing means is disposed so that a major surface of the circularly polarizing means is on a 
so liquid crystal layer side, the circularly polarized light exiting the circularly polarizing means through the major 

surface when natural light enters the circularly polarizing means, 

the liquid crystal in the liquid crystal layer has a birefringence difference, which, if multiplied by a thickness of 
the liquid crystal layer, produces a product of not less than 1 50nm and not more than 350nm, and 
the liquid crystal layer has a twist angle in a range of 45° to 100°. 

55 

2. The reflective liquid crystal display device as set forth in claim 1 , being characterized in that 

the circularly polarizing means includes: a first optical retardation compensator plate having a retardation in a 
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substrate normal direction set to not less than 100nm and not more than 180nm; a second optical retardation 
compensator plate having a retardation in a substrate normal direction set to not less than 200 nm and not more 
than 360nm; and a linear polarizer plate, the first optical retardation compensator plate, the second optical 
retardation compensator plate, and the linear polarizer plate being stacked in this order when viewed from the 
5 liquid crystal layer, and 

|2x92 - 6 1 1 has a value not less than 35° and not more than 55° , where 61 represents an angle formed by a 
slow axis of the first optical retardation compensator plate and either a transmission axis or an absorption axis 
of the linear polarizer plate, and 62 represents an angle formed by a slow axis of the second optical retardation 
io compensator plate and either the transmission axis or the absorption axis of the linear polarizer plate. 

3. The reflective liquid crystal display device as set forth in claim 2, being characterized in that 

the twist angle of the liquid crystal layer is in a range from 60° to 100°, 
15 the product of the birefringence difference of the liquid crystal in the liquid crystal layer and the thickness of the - 

liquid crystal layer is not less than 250nm and not more than 330nm, and 

either the transmission axis or the absorption axis of the linear polarizer plate forms an angle, 63, of not less 
than 20° and not more than 70°, or not less than 110° and not more than 150° with an alignment direction of 
the liquid crystal molecules in a close proximity of the second substrate. 

20 

4. The reflective liquid crystal display device as set forth in any one of claims 1 through 3, being characterized in that 

the first substrate having a light reflexibility includes a light reflective film, and 

the light reflective film has smooth and continuously changing concavities and convexities, and is made of a 
25 conductive material. 

5. The reflective liquid crystal display device as set forth in claim 4, being characterized in that 

the smooth and continuously changing concavities and convexities of the light reflective film have a direction 
30 dependent property that varies according to a direction on a substrate plane. 

6. The reflective liquid crystal display device as set forth in any one of claims 1 through 3, being characterized in that 

a single third optical retardation compensator plate or a plurality of the same is (are) provided between the cir- 
35 cularly polarizing means and the liquid crystal layer to cancel a residual phase difference of the liquid crystal 

layer. 

7. The reflective liquid crystal display device as set forth in claim 6, being characterized in that 

40 either the third optical retardation compensator plate or at least one of the third optical retardation compensator 

plates has an inclined optical axis, or a three-dimension ally aligned optical axis having therein a continuously 
varying inclined direction. 

8. The reflective liquid crystal display device as set forth in any one of claims 2 and 3, being characterized in that 

45 

the first and second optical retardation compensator plates have such ratios of a refractive index anisotropy, 
An(450), with respect to light having a wavelength of 450nm, a refractive index anisotropy, An(650), with 
respect to light having a wavelength of 650nm, and a refractive index anisotropy, An (550), with respect to light 
having a wavelength of 550nm that satisfy 

50 

1 < An(450)/An(550) < 1.06 and 

0.95 < An(650)/An(550) < 1 respectively. 

55 9. The reflective liquid crystal display device as set forth in claim 8, being characterized in that 

the first and second optical retardation compensator plates have such ratios of a refractive index anisotropy, 
An(450), with respect to light having a wavelength of 450nm, a refractive index anisotropy, An(650), with 
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respect to light having a wavelength of 650 nm, and a refractive index anisotropy, An (550), with respect to light 
having a wavelength of 550 nm that satisfy 

1 < An(450)/An(550) <, 1.007 and 

5 

0.987 < An(650)/An(550) <. 1 respectively. 

10. The reflective liquid crystal display device as set forth in any one of claims 1 through 3, being characterized in that 

10 the twist angle of the liquid crystal layer is in a range of not less than 65° and not more than 90°, 

the product of the birefringence difference of the liquid crystal in the liquid crystal layer and the thickness of the 
liquid crystal layer is not less than 250nm and not more than 300nm, and 

either a transmission axis or an absorption axis of the linear polarizer plate forms an angle, 63, of not less than 
110° and not more than 150° with an alignment direction of the liquid crystal molecules in a close proximity of 
is the second substrate. 

11 . The reflective liquid crystal display device as set forth in any one of claims 1 through 3, being characterized in that 

either a transmission axis or an absorption axis of the linear polarizer plate forms an angle, 63, of not less thin 
20 110° and not more than 150° with an alignment direction of the liquid crystal molecules in a close proximity of 

the second substrate, and 

a viewing direction is set to a direction on a plane that is defined by a normal to a display surface and a direction 
90° off the alignment direction of the liquid crystal molecules in a close proximity of the second substrate. 

25 12. The reflective liquid crystal display device as set forth in any one of claims 1 through 3, being characterized in that 

either a transmission axis or an absorption axis of the linear polarizer plate forms an angle, 63, of not less than 
20° and not more than 70° with an alignment direction of the liquid crystal molecules in a close proximity of the 
second substrate, and 

30 a viewing direction is set to a direction on a plane that is defined by a norma! to a display surface and the align- 

ment direction of the liquid crystal molecules in a close proximity of the second substrate. 

13. The reflective liquid crystal display device as set forth in claim 5, being characterized in that 

35 either a transmission axis or an absorption axis of the linear polarizer plate forms an angle, 83, of not less than 

110° and not more than 150° with an alignment direction of the liquid crystal molecules in a close proximity of 
the second substrate, 

a viewing direction is set to a direction on a plane that is defined by a normal to a display surface and a direction 
90° off the alignment direction of the liquid crystal molecules in a close proximity of the second substrate, and 
40 the viewing direction is set to be on a plane that is defined by the normal to the display surface and a direction 

on a substrate plane in which the concavities and convexities of the light reflective film have a shorter mean 
cycle than in other directions. 

14. The reflective liquid crystal display device as set forth in claim 5, being characterized in that 

45 

either a transmission axis or an absorption axis of the linear polarizer plate forms an angle, 93, of not less than 
20° and not more than 70° with an alignment direction of the liquid crystal molecules in a close proximity of the 
second substrate, 

a viewing direction is set to a direction on a plane that is defined by a normal to a display surface and the align- 
so ment direction of the liquid crystal molecules in a close proximity of the second substrate, and 

the viewing direction is set to be on a plane that is defined by the normal to the display surface and a direction 
on a substrate plane in which the concavities and convexities of the light reflective film have a shorter mean 
cycle than in other directions. 

55 15. The reflective liquid crystal display device as set forth in any one of claims 1 through 3, being characterized in that 

either a transmission axis or an absorption axis of the linear polarizer plate forms an angle, 63, of not less than 
40° and not more than 60° with an alignment direction of the liquid crystal molecules in a close proximity of the 
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second substrate, and 

the liquid crystal molecules in a close proximity of the second substrate form an angle 04 with a direction on a 
plane that is defined by a viewing direction and a normal to a display surface, the angle 94 being set to not less 
than 0° and not more than 30°, or not less than 180° and not more than 210°. 

16. A reflective liquid crystal display device incorporating a touch panel arranged from the reflective liquid crystal dis- 
play device as set forth in any one of claims 1 through 3, being characterized in that 

a planar pressure sensitive element for detecting an external pressure is sandwiched with a layer-shaped 
empty space between the circularly polarizing means and the second substrate. 



34 



EP 0 978 752 A1 



FIG.l 
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FIG. 2 
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FIG. 3 
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FIG. A 
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FIG. 5 

C1E1931 CHR0MATIC1TY -COORDINATE x (LIGHT SOURCE D 65 ) 
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FIG. 6 

CIE1931 CHROMATIC! TY COORDINATE y (LIGHT SOURCE D 65 ) 



■■■iSllBIKH 



■MSSASSliSCS! 



■lilllilll 



SIMIB,IM! 

mwdwmu 



■■km* 



was? si a* 



O 



O 



O 

in 




TWIST ANGLE C) 



£ ID ^ 



8 



CD v) CO tX> vj CD CO (C ^) <4 

— __o^. oood^. oooo^oodo^ooo - ~ 

iiOi ' ( i O t t itOi i ' » O » t < ) O t i i 
vf fN* I co *X> v| CsJ i CD U) N | cO tf> CvJ i oo Ifl N t cD 

a> vp u) u> in in in in ir> < vj. -si en m n <—> 
ooddodoooodoooooo 



\£> \£> \b CM vp 5> 

o o c> o o oo 

I » i O i t 

ix> 



o 

— ~ r>j j * id vj n i 
rsi rvi ^ rs| rv ~- ^- 

o o d o o oooobo 



oooooooooooooooooooooooo oooooo 
OODDDDQaaDOaaDDODBGBBaOODOaaDO 



40 



EP 0 978 752 A1 



FIG. 7 
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FIG. 8 
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